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Abstract. M o r e t han 6000 asteroids in the Solar System 
have n o w been discovered and enumera ted , and abou t 500 
of them have been investigated in detail by different 
me thods . This review gives observa t ional evidence which 
indicates tha t no fewer t han 10% of asteroids m a y be 
composed of two or m o r e bodies . This was suppor ted by 
the detection of a satellite of the asteroid Ida by the Galileo 
spacecraft. This discovery symbolises the change of b o t h 
observa t ional and theoret ical pa rad igms . Space and g round 
observat ions of asteroids by m o d e r n techniques m a y give 
extensive new data for model l ing double asteroids. The 
analysis of p rob lems of stability, format ion and dynamics 
of asteroid satellites shows tha t their sphere of stable 
mo t ion extends up to several hund red asteroid radii . The 
idea tha t the origin of the asteroid satellites m a y be 
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explained in the frame of a unified accretion mode l of 
p lane ta ry satellite format ion is p roposed and justified. 

1. Introduction 
In F e b r u a r y 1994 sensat ional informat ion was received 
from the in terp lanetary spaceprobe Gali leo: asteroid Ida 
has its own satellite (see Fig. 1). It was detected dur ing two 
independent experiments [1, 2]. This became one of the 
fundamenta l discoveries in the m a n y centuries of his tory of 
studies of the Solar System. This really sheds a new light on 
asteroids and on the cosmogony of the Solar System. 

Figure 1. Image of asteroid 243 Ida and its satellite sent to Earth from 
the Galileo spacecraft. The satellite is seen as a small point to the right 
of the asteroid. At the top right a zoomed view of the satellite is given. 
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Asteroids , or minor planets , together with satellites of 
large planets , comets and meteoro ids , const i tute an exten
sive class of small bodies in the Solar System. These bodies 
appear to be eyewitnesses of the early evolut ion of the Solar 
System, and they hold informat ion abou t the composi t ion 
of the original mat te r of the p ro top l ane t a ry cloud. M o s t of 
the minor p lanets are located between the orbi ts of M a r s 
and Jupiter , in the main asteroid belt. This belt has a 
complex spatial s t ructure and undergoes con t inuous 
dynamic evolut ion due to the gravi ta t ional influence of 
the large planets . The border line between different types of 
small bodies is very fuzzy. M a n y of the large p lane t s ' 
satellites cannot be dist inguished from asteroids by means 
of their physical proper t ies and sizes. On the other hand , 
some asteroids, like comets , have observable signs of gas 
ejection, and m a n y comets , having been covered by a rigid 
crust dur ing evolution, are in tu rn indist inguishable from 
asteroids. There is also no sharp border line between 
asteroids and meteoroids , because their sizes vary from 
abou t one ki lometre to a fraction of mill imetre (micro-
meteoroids) . Me teo r s t reams, consist ing of mic rome-
teoroids and dust part icles, which enter the terrestr ial 
a tmosphere , m a y be related either to comets (the m o r e 
usua l case) or to asteroids. Thus , a general p ic ture of the 
close connect ion between all members of the Solar System 
takes shape. 

Over recent years asteroids have been the main source of 
sensat ional discoveries in our p lane ta ry system. Firstly, first 
representat ives of the second asteroid belt were found near 
the orbit of P lu to . Their d iameters are several h u n d r e d s of 
ki lometres [3, 4]. Secondly, n u m e r o u s g round-based obser
va t ions give evidence for asteroids with complex s tructure, 
either double or possessing satellites [5]. Thirdly, the first 
direct images of asteroids — Ida and G a s p r a — w e r e 
obta ined from space [2]. Four th ly , a large number of small 
bodies were found with orbi ts app roach ing very close to the 
planets , which in the case of Ea r th presents a po ten t ia l threa t 
to the very existence of the b iosphere [6]. The p rob lem of 
danger from asteroids has lost its abst ract na tu re since the 
impact of comet S h o e m a k e r - L e v y with Jupiter in July 1994. 
Tha t created a mighty cataclysm in the Jovian a tmosphe re 
which was the subject of serious discussions in scientific and 
polit ical circles [7, 8]. This is the reason why 1994 has 
become possibly the tu rn ing poin t in the development of the 
science of asteroids. 

This review is devoted to the analysis of this new 
si tuat ion. Based on a review of publ ica t ions , observat ions 
and our own research, we will 
— present observa t ional da ta suppor t ing the existence of 
asteroid satellites; 
— demons t ra t e different ways of s tudying this type of 
object using new approaches to da ta processing and 
in terpre ta t ion; 
— analyse the theoret ical possibili ty of the existence of 
mul t i componen t asteroids; 
— examine the implicat ions of the complex s t ructure of 
asteroids for the present day pic ture of Solar System 
format ion. 

W e restrict our a t tent ion to two aspects of the 'asteroid 
revolut ion ' . Firs t , the widespread poin t of view tha t 
as teroids are single bodies of different sizes needs to be 
revised. The double na tu re of asteroids or the presence of 
satellites is no t a un ique bu t ra ther a typical p h e n o m e n o n . 
Second, asteroids must be considered in paral lel with the 

large p lanets in the frame of general theories. This relates 
b o t h to the p rob lem of the format ion of systems of satellites 
and to tha t of asteroid evolut ion in general. 

2. History of the discovery of asteroids and a 
short review of their properties 
As long ago as the beginning of the 17th century J o h a n n 
Kepler suggested tha t there must be some planet between 
M a r s and Jupiter . It was discovered by chance by Piazzi on 
1 Janua ry , 1801. By 1807, however , three m o r e p lanets had 
been discovered. They were n a m e d Ceres, Pallas, Juno and 
Vesta. They have diameters of 1003, 608, 247 and 538 km, 
respectively. It tu rned out tha t instead of one large planet 
there are m a n y minor p lanets named asteroids (which 
means starlike) after their appearance , which fill the space 
between M a r s and Jupiter . U p to n o w m o r e t han 6000 
asteroids have been discovered and have had the elements of 
their orbi ts determined. They also possess names and 
cata logue number s . At first, every newly discovered 
asteroid was t radi t ional ly given the n a m e of a w o m a n 
from G r e e k - R o m a n mythology . Asteroids which appear 
to be dist inguished by their orbi ta l mo t ion have male 
names , for example the Trojan group or the A m o r 
g roup . As the to ta l number of asteroids discovered 
increased, the choice of names came to be determined 
by the fantasy of the discoverer followed by official 
affirmation by a special commission of the In te rna t iona l 
As t ronomica l U n i o n and designat ion by number . Acco rd 
ing to some estimates, p robab ly no fewer than one million 
asteroids exceeding one ki lometre in diameter exist in the 
Solar System. Their to ta l mass is abou t 5 x 1 0 2 4 g. 

The major i ty (99 .8%) of asteroids are concent ra ted in a 
torus-shaped main belt between M a r s and Jupiter . The 
major semiaxes of their orbi ts lie within 2 . 0 6 - 4 . 0 9 A U , the 
mean semiaxis is 2.7 A U , the mean eccentricity is 0.14, the 
mean inclination is 9.5°. Orbi ta l velocities of asteroids are 
abou t 20 k m s - 1 , and their per iods of ro ta t ion lie between 3 
and 9 years. The main asteroid belt has a complex inner 
s t ructure. There is stratification into several over lapping 
rings, the presence of separate families, g roups , and jet 
s t reams with similar dynamic or physical characterist ics [9 -
11]. Complex gravi ta t ional influences of the large p lanets 
result in slow var ia t ions of orbi ts of individual asteroids in 
the belt a l though these orbi ts have been in general stable for 
4.5 billion years . The main role in this process is played by 
the resonance act ion of Jupi ter which has emptied vast 
regions of the space between the major semiaxes (K i rkwood 
gaps), so tha t there are practical ly no bodies with orbi ta l 
per iods which are mult iples of 1/2, 1/3, 2 / 5 or 3 / 7 of the 
Jovian per iod. Intercoll isions of the asteroids also result in 
var ia t ions of their orbi ts , dis integrat ion or transfer to 
ano ther family or g roup . Since families are dynamic 
format ions , they have a ra ther small age, and their origin 
is likely to be related to asteroid collisions. Therefore they 
consist of one or two large bodies and a great number of 
small ones. The families are n a m e d after their largest 
member . 

W h e n considering asteroids lying beyond the main belt 
it is wor th no t ing the belt beyond Plu to . There is also an 
interest ing popu la t ion of small bodies which have diameters 
up to 1 5 0 - 2 0 0 k m situated between Jupi ter and U r a n u s 
[12]. A m o n g them, Chi ron was the first to be discovered. It 
had been though t to be an ord inary asteroid unt i l it was 
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shown to eject dust and gas like comets [13]. It is also 
necessary to include the very impor t an t group of asteroids 
which experience close approaches to Ea r th , a long with 
comets and meteoroids . 

F o r a long t ime, studies of minor p lanets were limited, in 
general , just to their discovery and orbit de terminat ion . 
Their physical investigation was carried out ra ther h a p h a z 
ardly. Litt le by little it became clear, however , tha t all bu t 
the largest as teroids have an irregular shape and a ra ther 
uneven surface covered by impact craters . The dis t r ibut ion 
by per iod of axial ro ta t ion for 249 large (diameter > 5 5 k m ) 
asteroids and for 267 small ones was analysed in Ref. [14]. 
This dis t r ibut ion is described by two maxwell ian functions 
for large asteroids and by three functions for small ones. 
Their mean values were found to be, respectively: 

7.69 h for 2/3 of the large asteroids 
11.82 h for 1/3 of the large asteroids 
7.62 h for 2/3 of the small as teroids 
19.51 h for 13% of the small as teroids 
3.88 h for 2 1 % of the small asteroids. 
A u t h o r s came to the conclusion tha t the 66% of 

asteroids with per iods 7 . 6 - 7 . 7 h represent the original 
popu la t ion , whereas the other asteroids have experienced 
ca tas t rophic collisions. 

Analysis of the polar isa t ion of solar rad ia t ion scattered 
by asteroids shows tha t the surface of m a n y of them is 
p robab ly covered by a regolite, a scattered substance which 
was formed as a result of frequent collisions of the asteroid 
with small bodies and t iny part icles. The reflecting ability of 
asteroid surfaces strongly varies at different wavelengths . 
This implies a diversity of composi t ion of asteroids. 75% of 
asteroids are assigned to class C (carbonaceous) . They 
reflect only 3 % of the incident solar light, so their a lbedo 
is 0.03. Lighter asteroids of class S (stony), which includes 
abou t 15% of all asteroids, have albedo 0.15. Asteroids of 
different classes are not intermixed and tend to concent ra te 
at definite heliocentric distances. F o r example, light S-
asteroids tend to concent ra te in the inner pa r t of the belt 
and dark C-asteroids in the outer pa r t of the belt, so there 
has been no significant intermixing between them dur ing the 
t ime of their existence (4.5 billion years) . This means tha t in 
the p ro top l ane t a ry gas and dust cloud the stratification 
of mat te r had al ready taken place in accordance with its 
a tomic and molecular masses. 

At the present t ime, different types of asteroid classifica
t ion have been developed which include from several up to 
15 classes [ 1 5 - 1 8 ] . Each class is characterised by a definite 
set of physical pa rame te r s — such as a lbedo, colour index, 
minera l composi t ions — and by their magni tudes . Some 
classes coincide with those for meteoro ids whose compos i 
t ion is well known . The minera l composi t ion of asteroids is 
ra ther diverse. Some of them contain a large a m o u n t (up to 
50%) of b o u n d water . Bo th the main belt as teroids and the 
asteroids from the belt beyond Pluto m a y (like comets) also 
contain the volatile componen t s of p ro top l ane t a ry clouds. 
Like comets , some asteroids (of S-class and similar) m a y 
have at their surfaces thin layers of primit ive organic 
substances or iginat ing under the action of rad ia t ion . There 
also exists a ra ther poor ly popu la ted class M of asteroids 
which possess high meta l abundance . The classification of 
asteroids is based on da ta for abou t 30% of all k n o w n 
asteroids and is far from complete . 

3. Observational data on the binarity of 
asteroids 

The development of our unde r s t and ing of small bodies in 
the Solar System is largely defined by the m e t h o d s and 
tools of observat ions which are available at a given 
m o m e n t of history. F o r the observers in the 19th cen
tury, as teroids looked like poin t sources t h rough the 
telescope. This is the reason for the general acceptance 
of the idea of asteroids as single bodies . However , at the 
beginning of the 20th century, the first investigation of 
asteroid 433 Eros was carried out , which gave evidence for 
its b inar i ty based on the visual observat ions of its 
br ightness . It was followed by a few visual and p h o t o 
graphic observat ions suppor t ing the idea of b inar i ty of 
asteroids. But these results were met with some doub t and 
did no t a t t ract much a t tent ion — they were in explicit 
conflict with the general opinion. Several decades of 
different types of observat ion and theoret ical studies h a d 
to pass for the general opinion to be changed. W e consider 
be low wha t tools and possibilities m o d e r n science and 
technology offer for invest igators and wha t the real 
possibilities are of gett ing informat ion abou t the b inar i ty 
of some asteroids. 

3.1 Image detection of asteroids and their satellites 
In this section we will consider results and perspectives of 
s tudying the complex s t ructure of asteroids using different 
m e t h o d s based on visual and pho tog raph i c observat ions , as 
well as on the observat ions m a d e with electronic optical 
image detectors . The speckle-interferometric me thod of 
ob ta in ing informat ion from under the scattering function 
of the terrestr ial a tmosphere , which was developed over the 
last few decades, increases angular resolut ion for g r o u n d -
based observat ions , practical ly to the resolut ion of the 
telescopes themselves. 

3.1.1 Requirements for direct image detections 
The p rob lem of s tudying asteroid s t ructures by direct 
image detect ion is ra ther complicated, because the 
componen t s have small angular separat ions , less t han 
one arcsecond, and also have br ightness differences which 
m a y be too high. F o r example, I d a ' s satellite is several 
h u n d red t imes fainter than the central body . Therefore 
there are three requi rements for high sensitivity which mus t 
be satisfied by detectors: high angular resolut ion, high 
dynamic range and the ability to detect the image of a 
fainter componen t close to a br ight one. F o r g round-based 
observat ions , the first requi rement is fulfilled by using large 
telescopes si tuated in such sites on E a r t h where the absence 
of s t rong a tmospher ic turbulence allows one to obta in 
images of celestial bodies with angular resolut ion down to 
some ten ths of an arcsecond. Series of observat ions 
suppor ted by m o d e r n equipment which were carried out 
in recent decades in Hawa i i and the C a n a r y islands, in 
Chile and other places with perfect as t rocl imate have 
practical ly exhausted our a t t empts to increase angular 
resolut ion by choosing the best sites for observat ions . The 
p rob lem of increasing angular resolut ion further is n o w 
being solved by using m o r e sophist icated m e t h o d s of da ta 
processing. 

The two other requi rements refer to the light detector in 
use, so they are part ia l ly interrelated: one cannot detect a 
faint image close to a br ight one unless a wide dynamic 
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r ange of the flux-signal pa ramete r is provided. In addi t ion, 
the scattering inside the detector of light from a br ight 
source and the b roaden ing of its image which takes place in 
pho tog raph i c and in some electronic optical image detectors 
must be excluded. 

3.1.2 Visual, photographic, and electronic observations 
Extended shapes of some asteroids were somet imes no ted 
by experienced visual observers. The first announcemen t of 
this type which claimed the b inar i ty of two asteroids was 
publ ished in 1926. By measur ing the separa t ions between 
componen t s of visual double stars in the range of 0 . 1 8 -
0.30 arcseconds with the 26.5 inch telescope of J o h a n n e s 
b u r g Observatory , 'new double s tars ' with a separat ion of 
abou t 0.2 arcseconds were discovered, which tu rned out in 
fact to be asteroids 433 Eros and 2 Pal las [19]. D u r i n g 
E r o s ' closest app roach to Ea r th in 1931 its distance was 
only 28 million km. Observa t ions by telescope revealed its 
e longated shape, like a dumbbel l or a double star, with a 
separat ion of 0.18 arcseconds which cor responded to abou t 
28 km. 

Current ly , visual observat ions are not used because they 
are believed to be ra ther subjective. At the same t ime, the 
q u a n t u m efficiency of m o d e r n electronic light detectors is 
app roach ing tha t of the h u m a n eye, so the need to use the 
eye as a physical device is gradual ly disappear ing. 

In 1 9 7 9 - 1 9 8 0 p h o t o g r a p h i c observat ions of asteroid 9 
Met i s were carried out in the high m o u n t a i n Chinese 
observator ies Purp le M o u n t a i n and Y u n a n n when the 
asteroid was at a dis tance of 1.23 A U from Ear th . These 
observat ions were obta ined with 0.6 and 1.0 met re tele
scopes dur ing 13 nights using pho toemuls ion 103aO [20]. A 
series of eight p h o t o g r a p h s with a sufficiently high angular 
resolut ion was obta ined dur ing 7 nights . The separat ion 
between the componen t s varied from 0.93 to 1.2 arcseconds. 
The posi t ion of the satellite image changed with t ime, which 
m a d e it possible to determine the per iod of the satellite's 
ro ta t ion a r o u n d the asteroid, 4.61 days, its major semiaxis 
of 1100 k m and coordina tes of the orbi ta l pole which 
appeared to be close to the coord ina tes determined for 
Met i s ' s axis of ro ta t ion . The to ta l mass of the system was 
est imated to be 5 x 10 2 1 g, and its mean density 2.5 g c m - 3 

a ssuming Met i s ' s diameter is 153 k m . The satellite's 
diameter was est imated to be 60 k m from the br ightness 
difference of 2 magn i tudes between the componen t s . This 
value is in a good agreement with the diameter est imate of 
65 k m obta ined from a star occul ta t ion on 11 September 
1979. 

It is wor th no t ing tha t the pho tog raph i c m e t h o d was no t 
stretched to its limit in tha t case. There exist special ' deep ' 
pho toemuls ions such as K o d a k I l l a J which are widely used 
for observat ions of faint s tars against the night sky 
backg round . Their threshold contras t is 0.02 which is 
three t imes bet ter t han the 103aO emulsion used by the 
Chinese a s t ronomers [21, p . 179]. Such emulsions permit 
the detection of qui te low contras t images in spite of lower 
sensitivity. Their use for observat ions at large telescopes 
si tuated in sites with a good astro climate m a y result in 
ob ta in ing pictures of satellites of some asteroids at the most 
favourable m o m e n t s for such observat ions . 

A search for asteroid satellites on p h o t o g r a p h s of the 
sky was carried out by Gehrels et al [22]. They used asteroid 
survey da ta from the Y o r k - M c D o n a l d and P a l o m a r -
Leiden observator ies with limiting magni tudes 16.5 and 

20.6, respectively. At a distance of 2.6 A U , this allowed 
them to detect marginal ly objects with a size of 17 and 3 k m 
having a geometr ic albedo of 0.06. A search for faint images 
of satellites was carried out for 10 asteroids at distances 
from six arcseconds to seven arcminutes . The lower limit 
(6 arcseconds) was determined by the ra ther low angular 
resolut ion of the pho top la t e s used. The au tho r s came to the 
conclusion tha t if asteroid satellites really exist, they must 
be very close to their pa ren t body . The best candidates for 
b inar i ty they found were 624 H e k t o r and 216 Kleopa t r a . 

E lec t ronographic cameras , which provided as t ronomers 
with un ique observa t ional da ta for several decades, possess 
a high q u a n t u m efficiency and al low the reliable detection 
of low-contras t images down to a contras t threshold of 
0 .5% [20, p . 179]. Use of an e lec t ronographic camera , in 
which every single photoe lec t ron m a y be detected, allows 
the detect ion of large br ightness differences of close objects. 
The simplicity of the physical principles of the e lec t rono
graphic camera and its successful implementa t ion in 
F rance , Bri tain and the U S S R gave a s t ronomers low-noise 
devices app roach ing the ideal light detector with q u a n t u m 
ou tpu t equal to tha t of a ca thode with external photoeffect. 

The high qual i ty of t r ans format ion of the optical p ic ture 
to the electronic image makes this technique ra ther 
p romis ing for asteroid satellite detect ion. One can be 
sure tha t the use of such equipment with a telescope 
located in a site with good astrocl imatic condi t ions to 
provide high angular resolut ion could give exciting results. 
N o w there are few such devices left in the observator ies . 
The complexity of their exploi tat ion, the deficiency of 
e lec t ronographic emulsions and difficulties of extract ion 
of pho tomet r i c informat ion from the images obta ined 
forced a s t ronomers to seek for new me thods . The appea r 
ance of C C D s , which are one of the m o d e r n types of solid 
state light detectors , has practical ly displaced the electro
nograph ic camera from the field of as t ronomica l 
observat ions , a l though, undoub ted ly , there are some p r o b 
lems left where its use is highly appropr ia te . One of these 
p rob lems is searching for asteroid satellites where the key 
poin t is to obta in an image of a faint satellite close to a 
much br ighter asteroid. 

3.1.3 Television and CCD observations 
By definition, T V light detectors are devices tha t facilitate 
r emote t ransmiss ion of optical images by radioelectronic 
means . A system of T V t ransmiss ion fulfills the following 
functions: t r ans format ion of an optical image in the focal 
p lane of the telescope into a t empora l sequence of electrical 
signals, or videosignal; t ransmiss ion of this signal for some 
distance (for example, from the focal p lane of the telescope 
to recording devices) by radioelectronic means ; inverse 
t rans format ion of the videosignal into an opt ical image. 
The latter p rocedure m a y be carried out not in real t ime, 
bu t after an addi t iona l processing of the videosignal, which 
is recorded and kept in digital code in the compute r 
m e m o r y dur ing observat ions . F r o m this general definition 
of T V systems it follows tha t the widespread C C D s are 
essentially representat ives of TV-type devices: they are 
characterised by all three above-ment ioned t r ans fo rma
t ions. 

T V systems used for as t ronomica l observat ions are 
subdivided into two classes depending on the type of 
photoeffect — internal or external — used in the light 
detector [21]. The first class includes all vacuum t ransmi t -
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t ing tubes ; the second all solid state t ransmi t t ing devices, 
b o t h two-dimens iona l (matrices) and one-dimensional 
(lines). 

The necessity to t ransform the optical image into a 
sequence of electrical signals complicates the recording 
system as a whole , which leads, in compar i son with the 
e lec t ronographic camera , to some restr ict ions on obta in ing 
the image of a faint object close to a br ight one. The reasons 
for these restr ict ions are different for different types of 
devices, bu t they always involve increase of the br ight image 
size (diffusion), presence of a halo (which m a y be da rk ) or 
diffusion of the image a long the line of informat ion 
readout . This shor tcoming of T V devices mus t be kept 
in mind when the p rob lem of direct asteroid satellite 
detection is considered. However , the advan tage of this 
me thod is the possibili ty of using different image processing 
p r o g r a m s on the star fields, which allows one to detect 
au tomat ica l ly any object moving with respect to the stars 
and to in t roduce all k inds of image res tora t ion , including 
profile res tor ing of close stars with part ia l ly over lapping 
images; this outweighs its shor tcomings . 

Owing to their high q u a n t u m efficiency, wide dynamic 
range, the possibili ty of registrat ion of low (fraction of 
percent) cont ras ts and compute r da ta processing, TV light 
detectors and especially C C D s are certainly very promis ing 
devices for s tudying double asteroids. 

The first experiment using C C D s for searching for 
satellites of 10 asteroids br ighter t han 10 magni tudes 
was carried out in 1 9 8 4 - 8 5 with 0.9 and 1.54 metre 
telescopes in the U S A [22]. The R C A C C D had 
320 x 512 pixels (photosensi t ive elements) of 
30 um x 30 um in size. It could reach limiting 
magni tudes from 22 magni tudes to 18 magni tudes depend
ing on the telescope used and its focal length. Different 
focal lengths were used which allowed var ia t ion of the 
angular resolut ion. To get rid of noise related to image 
diffusion a long the r eadou t line, every field of search was 
exposed at least twice with the mat r ix tu rned by 90° a r o u n d 
the line of sight. The au tho r s noted the presence of a halo 
a r o u n d the br ight image 38 pixels in size. Undoub ted ly , 
a tmospher ic diffusion and light scat tering in the telescope 
were also nuisance factors. They all certainly reduced the 
registrat ion threshold for faint objects in the near vicinity of 
the asteroid. 

This experiment revealed all the difficulties of such 
searches. F o r the detection of satellites to be successful 
specially p repared equipment and a telescope with low light 
scattering mus t be used. As a rule, the halo br ightness 
caused by light scat tering in the telescope's optics is abou t 
one percent . The a tmospher ic scat tering is usual ly m o r e 
annoying , so these observat ions mus t be carried out on 
extremely good nights . Shor tcomings of the C C D s appea r 
ing as diffusion of br ight images can be overcome only by 
using a special adjustment which moves an artificial m o o n 
into the focal p lane in order to deflect the main light beam 
of the asteroid under study. 

3.1.4 Speckle interferometry 
A b o u t twenty years ago a new me thod for improving 
angular resolut ion for g round as t rophysical observat ions 
with large telescopes was developed — speckle interfero
metry . Opt ical inhomogenei t ies of the a tmosphere between 
the object under investigation and the telescope lead to a 
speckle s t ructure of the stellar image obta ined with a short 

exposure of some h u n d r e d t h s of a second within a 
sufficiently n a r r o w wavelength interval. The technical 
oppor tun i ty for registrat ion of speckles was provided by 
the development of var ious high sensitivity photoelect r ic 
light detectors which m a d e possible a reliable detect ion of 
the speckle image s t ructure for large focal length tele
scopes. Coheren t optics advances and the speckle s t ructure 
investigation of a scattered light field allowed Laber ie to 
formulate the physical principle of speckle interferometry 
in 1970 [23] and to carry out the first speckle observat ions 
of stars with a 5 met re telescope two years later [24]. 

Initially, the speckle pictures were registered by p h o t o 
g raphy taken from the screen of the image tube [25]. Later 
on, T V systems were developed to per form real- t ime image 
processing by computer . The T V digital speckle inter
ferometer developed for the 6 met re telescope [26] 
allowed n u m e r o u s invest igations of double stars with 
separa t ions between the componen t s from 0.812 to 0.025 
arcseconds, with a mean square error of 0.0026 arcseconds 
and br ightness difference less t han 3 magni tudes [27]. The 
limiting magn i tude is abou t 16 magni tudes for large 
telescopes [28], which allows the detection of satellites of 
the asteroids of the main belt if their size is a few dozens of 
ki lometres . 

Some experience of asteroid observat ions has been 
obta ined at the 2.3 met re telescope of the Steward Obser 
va to ry (USA). The diffractional resolut ion of the telescope 
was 0.05 arcseconds, and the mean square error of size 
de terminat ion was abou t 0.01 arcseconds. Accord ing to 
Ref. [30], b inar i ty has been confirmed for asteroids 2 Pal las 
and 12 Victoria. Asteroid Eros has not revealed u n a m b i g 
u o u s componen t separat ion, a l though the au tho r s managed 
to obta in the size of the as teroidal body : it was found to be 
40.5 k m x 14.5 k m x 14.1 k m with a mean error of 2 . 5 -
3 k m [31]. This result is in accordance with previous size 
de terminat ions . Observa t ions of 532 Hercul ina showed its 
d imensions to be 263 k m x 218 k m x 215 km. N o satellite 
with diameter exceeding 50 k m was found, which in tha t 
case cor responded to the detection threshold [32]. 

Thus , speckle interferometry studies showed tha t in spite 
of the promis ing possibilities of this new and ra ther 
sophist icated me thod it still cannot reliably detect the 
b inar i ty of asteroids. This is because of l imitat ions of 
the me thod , including the p rob lem of observing a faint 
object close to a br ight one. Hence , to observe satellites it is 
a good idea to choose those asteroids where one m a y expect 
a ra ther br ight satellite to be present , and ra ther slow axial 
ro ta t ion , permi t t ing a long series of speckle-interferometric 
observat ions . 

3.1.5 Radiolocation 
Radio loca t ion of asteroids has became feasible n o w tha t 
powerful rad io t ransmi t t e r s and big radiotelescopes have 
been constructed. The t ime delay of the echo signal allows 
the measurement of the distance to the object, and the 
Dopp le r frequency shift gives informat ion abou t its 
velocity. A 70 m radiotelescope permi ts linear resolut ion 
up to tens of metres in the direction of rad io loca t ion [33]. 
R o t a t i o n of asteroids widens the reflected echo signal. 
These observa t ional da ta provide informat ion concerning 
the shape of the asteroid [34, 35]. 

The first echo signal from an asteroid was detected in 
1968 by an Amer ican team [36]. The object of observat ion 
was chosen to be asteroid 1868 Icarus when it was at a 
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Figure 2. 64 consecutive radioimages of asteroid 4769 Castalia. 

dis tance from Ea r th of 0.04 A U . By the middle of 1993, 
r ada r observat ions of 37 asteroids from the main belt and 
32 asteroids app roach ing E a r t h had been carried out [33]. 
The t ime delay of the echo signal and its Dopp le r b r o a d 
ening can be used to create a quasi- image (radioimage) of 
the asteroid under investigation, where the lag t ime is a long 
the vertical axis (with the r ada r convent ional ly placed 
above) and the frequency of the reflected signal is a long 
the hor izon ta l axis. The third coord ina te is the intensity of 
the signal, ana logous to the br ightness of the image. 
Observa t ions of the asteroid 4769 Castal ia in Augus t 
1989 when it was at a geocentric distance of 0.037 A U 
gave evidence for its b inar i ty and allowed its ro ta t ion to be 
t raced dur ing almost the to ta l per iod of 4.07 hours , as is 
clearly seen in Fig. 2. Ost ro et al. [37] found its size to be 
1 k m x 1.7 k m and density 2.6 g c m - 3 . They concluded 
tha t this is a contact or near -contac t system: if its 
componen t s are separated, then the distance between 
them does not exceed 100 m. 

In December 1992, asteroid 4179 Touta t i s reached a 
min imum distance of 0.024 A U (3.6 million k m ) from 
Ear th . It was discovered in 1989 and was named after 
the Gaul ish t r ibal god who was responsible for their 
prosper i ty . F r o m the elements of its orbit it was calculated 
tha t this asteroid approaches close to Ea r th regularly every 
four years, so var ious observa t ional m e t h o d s were used for 
its investigation. Rad io loca t ion was carried out by two 
scientific g roups [38, 39]. Fig. 3 shows rad io images of 
asteroid Tou ta t i s obta ined by Ostro et al. [40]. Two 
componen t s and their irregular shapes are clearly seen. 
On 8 and 9 December , rad io loca t ions of this asteroid were 
carried out in E u r o p e as well [39]. The p lane ta ry locator of 
the Cent re for R e m o t e Space C o m m u n i c a t i o n installed near 
Eupa to r i a , Cr imea, sent radio signals which were echoed 
and received by the 100 m a r ray in Effelsberg, G e r m a n y . 
H y d r o g e n frequency s t andards provided bo th good coor 
dinat ion and high precision of measurements , so the line-of-
sight velocity error was 0.03 m m s _ 1 . The signal reflected 
by the asteroid showed two max ima (see Fig. 4) indicat ing a 

Figure 3. Radioimages of asteroid 4179 Toutatis obtained by Ostro 
et al. [33] on 8, 9, 10 and 13 December, 1992. 

b ina ry s t ructure of this object. C o m p a r i s o n of the energies 
confined in these spectral features separated by the 
min imum allowed est imates to be m a d e of the relative 
sizes of b o t h componen t s of this system. F r o m the da ta 
obta ined on 8 and 9 December , the cross sections of the 
smaller componen t in the p lane of the sky were found to be 
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Figure 4. Power spectra of the echo signal from asteroid 4179 Toutatis 
obtained during its location by a group of European scientists [39] on 
9 December, 1992. The signal OC for polarisation in one direction is 
normalised to unity, whereas the signal OS for polarisation of the 
opposite rotation is normalised to 0.5. 

70% and 85% of tha t of the larger one, respectively. The 
au tho r s p roposed tha t the componen t s were part ia l ly 
over lapped in project ion on 8 December . The density of 
the surface layer of the asteroid was found to be 1.5 g c m - . 
Zai tsev et al. [41, 42] were the first to p a y a t tent ion to the 
fast quasiper iodical var ia t ions of the signal reflected by the 
asteroid which they interpreted as a result of the inter
ference of the echo signals reflected by the two componen t s . 
In the case of a b ina ry asteroid, the echo signals reflected 
from some regions of the c o m p o n e n t s ' surfaces mus t have 
identical radia l velocities, which leads to interference 
between them for some or ienta t ions of the componen t s 
with respect to the direction to the locator . 

The me thod of radio loca t ion is wi thout doub t a very 
promis ing one for s tudying the complex s t ructure of 
asteroids, a l though no clearly separated echo signals 
from the componen t s of k n o w n asteroids have been 
received as yet. Eight out of the 69 asteroids which were 
investigated by rad io loca t ion (about 10%) showed evidence 
for double s t ructure at different confidence levels [33, 4 3 -
45], with the discovery of their b inar i ty being unexpected in 
most cases. It should be b o r n e in mind tha t two componen t s 
of an asteroid will be clearly detected once their sizes are 
comparab le and large enough to prov ide certain echo 
signals, while their line-of-sight velocities are different. 
As Ostro poin ted out [33], dur ing ten yea rs ' observa
t ions, the rad ioa r rays of the Arecibo and Go lds tone 
observator ies were able to est imate the to ta l n u m b e r of 
double asteroids belonging to the group intersecting E a r t h ' s 
orbit . N o t e also tha t observat ions of small asteroid satellites 
by m o d e r n rad io loca t ion devices are unlikely to give 
posit ive results. 

3.1.6 Observations from spacecraft 
A p r o g r a m of asteroid observat ions from spacecraft was 
developed m o r e t han twenty years ago . I ts aim is to obta in 
scientific da ta which are not available from g round 

observator ies . These p lans were fulfilled to a large 
extent, so our knowledge has been significantly enlarged. 
In par t icular , it is wor th remember ing tha t the a lbedoes 
and diameters of abou t 2000 asteroids were found from 
infrared observat ions , and spectral observat ions of aster
oids in the ultraviolet and infrared regions were also 
achieved. 

The launch of the in terp lanetary spaceship Galileo gave 
an oppor tun i ty to carry out un ique observat ions . In 1991 
for the first t ime a p h o t o g r a p h of an asteroid which the 
spacecraft went pas t at the close distance of 16 000 k m was 
obta ined. It was the ra ther u n r e m a r k a b l e asteroid 951 
G a s p r a discovered in 1916 by the Cr imean as t ronomer 
Neu imin [46] and n a m e d after Cr imean sett lement G a s p r a 
near the city of Yal ta . In Augus t 1993 the spacecraft Galileo 
passed by asteroid 243 Ida [1, 2]. The pic ture of this asteroid 
was received on E a r t h in Augus t 1993, bu t the accompany
ing informat ion was stored for several m o n t h s on b o a r d the 
spaceship because of the complexity and long dura t ion of 
the t ransmiss ion of informat ion th rough the telemetric 
channels . Therefore the p h o t o g r a p h of Ida and its satellite 
was obta ined only in F e b r u a r y 1994. The presence of a 
satellite was total ly unexpected. It was detected by two 
independent devices including an on b o a r d mat r ix T V 
system (see Fig. 1). Accord ing to M o r r i s o n ' s repor t at 
the 22nd Genera l Assembly of the In te rna t iona l A s t r o n o m 
ical U n i o n , the satellite Dact i l is 1.6 k m x 1.4 k m x 1.1 k m 
by size, and nearly spherical in appearance . I ts spectrum 
(and chemical composi t ion) is evidently different from the 
main asteroid. The latter is 56 k m x 24 k m x 21 k m in size 
and ro ta tes with a per iod of 4.63 h. The orbit of Dact i l is 
circular with a rad ius of 90 km. The per iod of revolut ion is 
near ly one day. The orbi ta l p lane lies close to I d a ' s 
equa tor ia l p lane . 

Observa t ions of Ida were serendipi tous in some sense — 
it jus t happened to be close to the trajectory of the Galileo 
spacecraft which was on its way to Jupiter . It is impossible 
to p lan similar investigations for a large number of 
asteroids because of the large cost of such experiments . 
Tha t is why it is app ropr i a t e to develop a p r o g r a m m e of 
invest igations of asteroid s t ructure from space using some 
other available me thod . F o r example, orbi ta l telescopes, 
especially the H u b b l e Space Telescope, provide images of 
as t ronomica l objects with an angular resolut ion which is 
much higher than tha t of g round telescopes. A tmospher i c 
turbulence does not interfere with observat ions from space, 
and up- to -da te technology enables one to obta in high 
qual i ty images. Certainly, these are expensive observa
t ions, so they mus t supplement those studies which are 
carried out in the g round-based observator ies with the best 
as trocl imatic condi t ions . 

There are also some p lans to land a spacecraft on the 
surface of one of the asteroids. The aim of the landing is to 
s tudy the surface composi t ion , seismometry, gravimetry, to 
obta in direct surface t empera tu re measurements , and 
possibly to p r o b e the soil to br ing a sample to Ea r th for 
further analysis. The possibili ty and permissibili ty of a 
space mission to deliver a nuclear charge to the surface of 
an asteroid to induce a nuclear explosion are also discussed 
[8]. The discovery of satellites of some asteroids and the 
b inar i ty of some others allows a fresh look at the p rob lem 
of spacecraft landing on asteroids. 
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3.2 Occultations of stars by asteroids and other evidence 
for asteroid binarity 
Here we will consider the results of n u m e r o u s observat ions 
obta ined dur ing the crossing of asteroids between the 
observer and some star (stellar occul ta t ion) ; we will also 
briefly analyse a genetic relat ionship between asteroids and 
comets with a complex s t ructure which has revealed itself 
over recent decades, and will examine another factor 
indicat ing the b inar i ty of asteroids: the existence of double 
craters . 

3.2.1 Star occultations by double asteroids 
F o r a long t ime, occul ta t ions of stars by asteroids (which 
m a y be considered as eclipses which can be observed from 
certain sites on Ea r th ) did no t a t t ract much a t tent ion 
because compu ta t iona l m e t h o d s could no t p rov ide useful 
and accura te calculat ions. However , since 1975 these 
observat ions have become widely used for measur ing 
diameters of asteroids [48, 49]. The results were unex
pected: they showed tha t stars were occulted twice or m o r e 
t imes instead of once as if no t one bu t several bodies had 
intersected the ray p a t h between the star and the observer 
[50, 51]. These results are highly reliable: usually, the 
observat ions are carried out not only by professional 
a s t ronomers bu t also by n u m e r o u s experienced ama teu r s 
si tuated inside the eclipse strip or in the vicinity of it. This 
increases the value of the observat ions because the size and 
visibility condi t ions of the shadow m a y be used to recover 
the shape of the occult ing b o d y [52]. M c M a h o n observed 
several t ransient occul ta t ions of a star by asteroid 532 
Hercul ina before and after the main occul ta t ion which 
lasted abou t 20 seconds. The sizes of the bodies which were 
responsible for the secondary effects appeared to be less 
t han the sizes of the asteroids. This was reason to p ropose 
tha t they are asteroid satellites [54]. Observa t iona l da ta 
obta ined by several observers allowed an est imate of the 
sizes of the largest satellites: 20 k m for Hebe and 46 k m for 
Hercul ina , the latter being separated by 1000 k m from the 
asteroid [51]. 

Revision of results of earlier observat ions of star 
occul ta t ions by other asteroids gave evidence for possible 
satellites for asteroids 2 Pallas, 3 Juno , 6 Hebe , 9 Met is , 12 
Victoria, 129 Ant igone , 433 Eros and also 18 M e l p o m e n e 
[49]. In the latter case three independent photoelect r ic and 
one visual observat ion performed in 1978 detected several 
secondary occul ta t ions in addi t ion to the main one. A 
conclusion was m a d e tha t in addi t ion to the largest satellite, 
moving at a distance of at least 750 k m from the pa ren t 
body , a cloud of small bodies with sizes of abou t 300 m [9, 
p . 91 , 52] exists. H a r t m a n n in Ref. [54] presents some m o r e 
asteroids suspected to be b inary: 44 Nisa , 49 Pales, 171 
Ophelia , 24 H e k t o r . In 1982 in M e u d o n Observa tory 
(France) s imul taneous observat ions of a stellar occul ta t ion 
by the asteroid 146 Lucinia were carried out by different 
m e t h o d s including a TV camera . As a result, a satellite of 
6 k m in diameter was discovered at a distance of 1600 k m 
from the centre of the main componen t [55]. 

Resul ts of asteroid satellite detect ions when they occult 
s tars were evidence for the existence of asteroids with a 
complicated composi te na tu re . So Binzel and van F l ande rn 
[49] appear to have been right when they claimed in 1979 
tha t the presence of asteroid satellites is no rma l , and tha t 
this k ind of object should be ra ther numerous . 

3.2.2 Complicated structure of comets 
The close resemblance between asteroids and comets , which 
is well k n o w n to exist, cannot be a pu re coincidence [56, 
57]. Their dynamic and physical proper t ies are very similar. 
Shor t -per iod comets often have orbi ts typical of asteroids, 
and the orbi ts of some asteroids are identical to the 
cometary ones. In the course of physical evolution, which 
runs much faster for comets t han for asteroids, a crust of 
high melt ing poin t forms at the surface of comets as a 
result of the progressive loss of volatiles under the act ion of 
the solar rad ia t ion . It prevents further evapora t ion of 
volatiles, and the comet becomes practical ly indist inguish
able from an asteroid. Some asteroids show gas emission. 
Tedesco et al. [58] have p roposed tha t asteroid 1580 Betulia 
is a faded comet. This conclusion was based on the s tudy of 
its orbit and its unusua l light curve which showed three 
max ima . Weissman et al. [57] composed a list of 29 
possible comet-l ike asteroids. A m o n g them there are 
several as teroids which have signs of binar i ty , such as 
1580 Betulia and 2201 Oljoto. Observa t ions demons t ra t e 
tha t some comets show evidence for double nuclei (31 cases 
are given in Ref. [59]) or an oblong, extended shape of the 
circumnuclear region, represent ing a stable system. Such 
cases are collected in Vsekhsvyatski i ' s m o n o g r a p h [60]. 
Tedesco et al. [58] poin ted out tha t the light curve of the 
comet d 'Arres t had three max ima . This and some other 
comets reveal such peculiarit ies which m a y be explained 
only from the poin t of view of mul t i componen t nuclei. The 
existence of comets and asteroids with two or m o r e 
componen t s is p robab ly ra ther c o m m o n and typical of 
small bodies in the Solar System [52]. M a n y asteroids or 
comets are able to keep clouds of satellites with a wide 
range of sizes (down to dust grains) in their gravi ta t ional 
fields. 

3.2.3 Double craters 
Practically all observed surfaces of p lanets , satellites and 
small bodies in the Solar System are covered by craters 
which have in general an impact na tu re . L o n g ago 
observers no ted s t ructures formed by pa i rs of craters 
which exist in abundance on the M o o n and M a r s . Such 
s tructures also exist on Ea r th . V o r o n o v [61, 62] used 
probabi l is t ic calculat ions ( M o n t e Car lo me thod , M a r k o v 
chains) to show tha t the ac tual number of double craters 
observed on the surfaces of p lanets and satellites exceeds 
the n u m b e r tha t would be expected if they were assumed to 
be r a n d o m . The hypothes is is tha t they m a y be formed by 
impact with systems (asteroids, comets) consist ing of two 
fragments. This is the scenario discussed by H u t and 
Weissman [63]. Melosh and Stansberry [64], when 
considering the format ion of the impact craters on 
Ear th , came to the conclusion tha t 3 out of 28 craters 
with diameters m o r e than 20 k m are double . Some 
a t t empts have been m a d e to explain their origin by 
different mechanisms, bu t the au tho r s came to the 
conclusion tha t the mos t p robab le hypothesis is tha t the 
double craters on E a r t h result from the existence of a 
significant number of well-separated double asteroids 
a m o n g the celestial bodies app roach ing Ear th . 

3.3 Photometric studies of asteroids 
3.3.1 Possibilities of modern photometry 
Pho tomet r i c observat ions of asteroids enabled one to 
obta in informat ion on the per iods of their br ightness 
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var ia t ions which are interpreted as their spin per iods , and 
also on the spatial or ienta t ion of their axes, the spin 
direction and their shapes, under the assumpt ion tha t they 
are well described by tr iaxial ellipsoids. Ca ta logues of the 
pho tome t r i c proper t ies of asteroids [ 6 5 - 7 0 ] contain da ta 
on m o r e t han 500 objects. 

Pho tomet r i c observat ions provide the basis for devel
oping m e t h o d s for inverse p rob lem solution in which the 
shape of a b o d y is recovered from the field of scattered 
light. Such p rob lems are very complex, and, as a rule, their 
solut ion m a y be found only if some a pr ior i da ta are given. 
In this way, a t t empts have been m a d e to obta in the shape of 
some asteroids, assuming them to be convex [71]. 

K u p r i y a n o v [72, 73] has developed a me thod of solution 
of the inverse p rob lem for nonconvex mul t i componen t solid 
bodies , which takes into account m u t u a l shadowing of the 
componen t s and mult iple scattering of light reflected from 
their surfaces. U s e of this me thod for invest igations of 
asteroids complex in s t ructure is p robab ly qui te promis ing. 

A great major i ty of the observat ions of asteroids were 
obta ined by e lec t rophotomet ry based on the use of typical 
stellar e lec t rophotometers which allow observat ion of only 
one object at a given t ime. Shifting the pho tome t r i c da ta 
obta ined dur ing several consecutive nights a long the t ime 
scale by a mult iple of the per iod gives a so-called composi te 
light curve. It describes the br ightness var ia t ions of an 
asteroid dur ing the per iod of its spin ro ta t ion . All 
pho tome t r i c da ta presented as composi te light curves are 
collected in several issues of the Asteroid Pho tomet r i c 
Ca ta log [74]. 

The advance in techniques of a s t ropho tomet r i c 
observat ion led to the widespread use of high-sensitivity 
two-dimens iona l light detectors (in Russ ian as t ronomica l 
l i terature they are usually called, no t very accurately, 
p a n o r a m i c light detectors) . These detectors not only 
provide images of asteroid satellites bu t can also measure 
s imultaneously the br ightness of every object within a field 
of view, with a pho tomet r i c error of a few h u n d r e d t h s of a 
stellar magn i tude and al lowing the detection of marginal ly 
faint objects. The diameter of the field of view is usually 
several a rcminutes owing to the ra ther small linear d imen
sions of such detectors . 

U s e of m o d e r n electronic devices provides a good 
oppor tun i ty for the s imul taneous measurement of asteroid 
br ightness and br ightness of one or several field stars, which 
is very valuable for asteroid studies. The asteroid br ightness 
at a given m o m e n t m a y be determined by compar i son with 
ne ighbour ing stars. The me thod permi ts differential obser
vat ions , which practical ly exclude the influence of the 
var ia t ions in a tmospher ic t r ansparency dur ing the night . 
High pho tome t r i c precision and a great number of measu re 
ment s allow one to detect t iny features of the light curves 
(see for example Ref. [75]), which might carry some 
informat ion abou t the existence of a satellite of the 
asteroid. The higher the precision of the measurements , 
the smaller the changes of br ightness tha t m a y be detected 
and hence the smaller the satellite tha t m a y be discovered 
from the pho tome t r i c observat ions . 

3.3.2 Photometric observations of double asteroids 
The first evidence for the existence of double asteroids was 
obta ined by A n d r e [76] from visual p h o t o m e t r y of asteroid 
433 Eros in F e b r u a r y 1901, when a favorable opposi t ion of 
Ea r th and the asteroid permi t ted the observat ion of 

eclipsing events. The light curve had two max ima with 
an ampl i tude of abou t 2 magni tudes and was very similar 
to tha t of double stars. I ts analysis allowed A n d r e to 
determine a number of pa rame te r s of the b inary system: 
the per iod of the as teroid ' s spin, 5 h 16.15 min; the size 
rat io of two ellipsoidal componen t s , 3 /2 or 1 (assuming 
their oblateness to be 1.2); the density, 2.4 g c m - ; the 
eccentricity of the satellite's orbit , 0.569; the per ias t ron 
longi tude count ing from the n o d e line, 162°. The satellite's 
ro ta t ion per iod was est imated to be close to 7.7 h and the 
orbi ta l semimajor axis to be 2.7 t imes the as teroid ' s radius . 

In 1937, the famous var iable star investigator Zesse-
witsch [77], while analysing observat ions of E ros publ ished 
since 1901 and his own observat ions , discovered real regular 
var ia t ions of the as teroid ' s spin axis or ienta t ion, as well as a 
change of t ime interval between the p r imary and secondary 
max ima in the light curve. On the basis of these findings, he 
suggested tha t this asteroid was a b inary . Beyer in Ref. [78] 
presents a list of the observed ampl i tudes of E r o s ' s 
variabil i ty ranging from 0.2 magni tudes to 1.5 magn i 
tudes . W h e n in 1975 Eros passed at a distance of 
26 million k m from Ear th , the ampl i tude of var ia t ion in 
br ightness was 1.5 magn i tudes [79]. To explain this fact, it 
was p roposed tha t it had an exotic, dumbbell- l ike shape 
with longi tudinal and t ransverse axes in the rat io 2.5 : 1 
(25 k m x 10 k m ) and the spin axis lying in its orbi ta l p lane . 

The photoelect r ic observat ions of asteroid 624 H e k t o r 
obta ined by D u n l a p and Gehrels in Chile [80] also revealed 
a large ampl i tude of variabili ty, reaching 1.2 magni tudes . 
A n a t t empt to explain this by means of an irregular shape 
100 k m long and 2.5 t imes smaller across does no t s tand up 
to criticism. C o o k was the first to reject the mode l of a 
trixial ellipsoid because of the small density, 1.5 g c m - 3 , 
and suggested tha t this asteroid could be double [81]. 
Weidenschil l ing [82] proved tha t the elongated mode l 
was uns tab le and suggested a mode l of a contact b inary 
asteroid: two componen t s whose ellipsoidal form is caused 
by gravi ta t ional a t t rac t ion . Based on this mode l the mean 
asteroid density was calculated to be 2.5 g c m - 3 , which was 
in good agreement with the observat ions . Us ing the 
a n o m a l o u s form of the light curves of the asteroids 49 
Pales and 171 Ophelia , Tedesco [83] est imated orbi ta l 
pa rame te r s of the satellites and obta ined densities in the 
range 1 .5-2 .8 g c m - 3 , typical for asteroids. 

The great number of pho tome t r i c observat ions which 
indicate the complex s t ructure of asteroids, as well as the 
limited space for this review, give us no oppor tun i ty to 
describe all the results [ 8 4 - 8 6 ] . W e will present some of 
them in the next section generalising pho tome t r i c indicators 
of asteroid binar i ty . 

The m o d e r n level of compute r techniques and m e t h o d s 
of frequency analysis can be used to look for h idden 
regularit ies in the br ightness var ia t ions of the asteroid 
and for isolating per iods of orbi ta l mo t ion and spin 
ro ta t ion of asteroids. The very first experiment in such 
studies revealed interest ing results [87, 5]. The frequency 
analysis me thod applied to the pho tome t r i c da ta and the 
results obta ined for three par t icular asteroids are described 
in Section 4. F requency analysis allowed the au tho r s to find 
several per iods for each of them, in addi t ion to previously 
k n o w n per iods interpreted earlier as ro ta t iona l per iods of a 
single body . The presence of mult iperiodici ty can be 
interpreted in te rms of spin per iods of the componen t s . 
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3.3.3 Generalisation of the photometric criteria of multi
plicity of asteroids 
The success in pho tomet r i c studies of asteroids, the large 
number of publ ished light curves and a t t empts to 
distinguish pho tome t r i c indicat ions of the double s t ructure 
of asteroids, m a d e by a number of au thors , as well as our 
own experience in s tudying double asteroids, al low us to 
generalise and complete the analysis of these indicat ions. 
The p h o t o m e t r y of asteroids provides a s t ronomers with 
informat ion abou t the period(s) of the br ightness var ia t ions 
of the asteroids and abou t the field of solar rad ia t ion 
scattered by them, the development of which can be 
observed as a result of asteroid spin. The s t ructure of this 
field appears in the shape and features of the as teroid 's 
light curve. 

1. The ampl i tude and the shape of the light curve give 
some indicat ions of the b inar i ty or m o r e complex s t ructure 
of the asteroid. At the end of the 1970s, Tedesco [83] no ted 
tha t the light curves of asteroids 49 Pales and 171 Ophelia 
have practical ly flat max ima and Algol-like minima, 
characterist ic of Algol-like eclipsing binaries . Based on 
these findings, he suggested tha t they were binar ies and 
listed 10 other possibly b inary asteroids. Calcula t ions of 
equil ibrium models for b ina ry asteroids carried out in I taly 
in the middle of the 1980s [84] allowed evaluat ion of 
pa rame te r s of asteroid componen t s from the ampl i tude 
of the light curve. N o t e tha t the m a x i m u m ampl i tude of the 
curve is used for such est imates, which is observed close to 
the m o m e n t of the intersection of E a r t h with the equator ia l 
p lane of the asteroid, i.e. under the condi t ion tha t the 
ampl i tude increases at the expense of m u t u a l eclipsing 
effects between the componen t s . A n ampl i tude greater 
t han one stellar magn i tude indicates possible b inar i ty of 
the asteroid. The following signs of b inar i ty were fo rmu
lated by Cellino et al. [85] who determined pa rame te r s of 
b ina ry systems for 10 large asteroids from the form of their 
light curves: 

(a) Existence of a flat m in imum in the light curve tha t 
indicated to ta l eclipse. A n example is the light curve of 

asteroid 192 N a u s i k a a (see Fig. 5) which has two flat 
min ima. 

(b) S t rong var ia t ions of the light curve ampl i tude as a 
function of the phase angle under which the Sun i l luminates 
the asteroid, caused by the m u t u a l eclipsing effect, which 
depends on the phase . 

(c) A significant change of the slope of the ascending 
and descending b ranches of the light curves from cycle to 
cycle, caused by the var iable t ime of the beginning and the 
end of eclipse. Fig. 6 provides an example of two light 
curves for asteroid 87 Sylvia obta ined with a t ime interval 
of two days. Both the ampl i tude and slopes of the ascending 
and descending pa r t s of the light curve have changed, which 
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Figure 6. Light curves of asteroid 87 Sylvia obtained on 26 April 
(empty circles) and 28 April (filled circles), 1989, at the Crimean 
Astrophysical Observatory [96]. Alignment of the curves along the 
time axis is made by shifting the 28 April observations by an integer 
number of periods. The time measured in Julian days is plotted along 
the abscissa; relative stellar magnitudes are plotted along the ordinate. 

Figure 5. Light curve of asteroid 192 Nausikaa. Observations are shown by points; the curve shows a model calculation made in Ref. [85] 
assuming the asteroid to be double. 
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Table 1. Parameters of binary asteroids 

Asteroid Diamete r /km Satellite Satellite Ref. Asteroid 
size/km orbital 

r ad ius /km 

2 Pallas 523 50 1000 
1400 [30] 

6 Hebe 192 20 [50] 
9 Metis 153 60 1100 [20] 

18 Melpomene 135 48 750 [54] 
44 Nisa 80 c. p . cont. [54] 
49 Pales 140 50 450 [54] 
87 Sylvia 271 150 250 [96] 

146 Lucina 137 6 1600 [55] 
171 Ophelia 90 30 300 [54] 

160 [83] 

gives evidence for significant changes in the condi t ions of 
eclipse for the componen t s . 

(d) Presence of a wide m a x i m u m in compar i son with 
sharp n a r r o w minima. A n example is also provided by the 
light curve of 192 N a u s i k a a shown in Fig. 5. 

Changes in ampl i tude and shape of the light curve are 
most p r o n o u n c e d in the case of close b inary asteroids which 
have componen t s comparab le in size. Observa t ion or 
detection of a small satellite relative to the main c o m p o 
nent is hampered by the small probabi l i ty of m a k i n g 
observat ions exactly at the m o m e n t of eclipse and by 
the small ampl i tude of the eclipse in the light curve. 
N o t e also tha t the probabi l i ty of detecting a r emote 
satellite is also small since the eclipses would be short 
and could be observed only when the line of sight lies in the 
equa tor ia l p lane . 

2. The de terminat ion of the ro ta t iona l axis of an 
asteroid is m a d e by using pho tome t r i c observat ions with 
an accuracy of tens of degrees or bet ter [67, 69]. The high 
precision in determining the pole coordina tes allows one to 
detect their real changes, as was done by Zessewitsch for 
E ros [77], where there was reason to suspect the presence of 
a satellite causing precession of the as teroid ' s spin axis. 

3. The value of the per iod, as has been poin ted out 
m a n y t imes by different au thors , can be a sign of possible 
b inar i ty of the asteroid. In 1983, Har r i s supposed tha t the 
main belt as teroids with per iods m o r e t han two days could 
be b inary systems [86]. It follows from the equil ibr ium 
mode l calculat ions m a d e by Leone et al. [84] tha t those 
asteroids tha t show br ightness var ia t ions with per iods m o r e 
t han 6 h might be b inary systems. Those showing per iods 
between 5 and 6 h could be either b inary or single ro ta t ing 
bodies . Thus , the value of the per iod can be considered as 
one indicat ion of complex s t ructure of the asteroid. 

4. Presence of a mult iperiodici ty in the br ightness 
var ia t ion of an asteroid can indicate a b inary or m o r e 
complex s t ructure [ 8 7 - 9 4 ] . There should be m o r e t han two 
per iods in the br ightness var ia t ion, as a rule, since a single 
ro ta t ing body , in addi t ion to the ro ta t ion per iod, can 
exhibit a so-called Euler ro ta t ion . Asteroids of complex 
s t ructure show, as a rule, several per iods: the orbi ta l 
mot ion , the ro ta t ion of the componen t s , the orbi ta l 
precession as a whole , and, possibly, the ro ta t ion of the 
areas of the componen t s . The ro ta t iona l per iods of the 
componen t s can possess ha rmonics of different orders 

Diamete r /km Satellite Satellite Ref. 
s ize/km orbital 

r ad ius /km 

216 Kleopatra 145 c. p . cont. [35] 
243 Ida 54 x 24 x 21 1.5 100 [1,47] 
423 Diotima 217 80 400 [115] 
433 Eros 35 x 16 x 7 20 60 [45, 76, 
532 Herculina 230 46 1000 77] 
624 Hektor 234 c. p . cont. [54] 

1220 Crocus 24 x 22 x 12 12 50 [51, 54] 
1580 Betulia 6 x 8 c .p . cont. [94] 
4179 Toutatis 2.5 c .p . cont. [54] 
4769 Castalia 1.7 x 1 c .p . cont. [91] 

[33, 37] 

which appear as a result of the complex surface of the 
asteroid. Such a p h e n o m e n o n is observed for ro ta t ing 
artificial Ea r th satellites and permi ts de terminat ion of 
the number of faces on their surfaces [95]. N o t e tha t for 
s tudying periodicities it is wor th using not only one-colour 
pho tome t r i c observat ions , bu t also colour index var ia t ion 
da ta which provide informat ion on the change of colour 
with the ro ta t iona l per iod of the as teroid 's componen t s [96]. 

3.3.4 Population of asteroids with satellites 
The indicat ions of asteroid mul t i componen t s t ructure 
formulated above, on the one hand , and an a b u n d a n c e 
of observat ional evidence, on the other hand , enable us to 
consider the popu la t ion of complex s t ructure asteroids. 
Table 1 presents the da ta on those asteroids for which a 
number of b ina ry system pa rame te r s have been obta ined by 
one means or another . F o r the size of the asteroid, the 
diameter from cata logue [97] was t aken in most cases; sizes 
t aken from the original papers are also shown. F o r close 
pai rs (c.p.) the size of the satellite is close to tha t of the 
asteroid. F o r contact systems (cont.) , the satellite orbi ta l 
rad ius is equal to the sum of the radi i of the componen t s . A 
m o r e complete list of the asteroids suspected to be b inary is 
given in Ref. [5]. It conta ins 51 member s and is likely to 
include almost all the k n o w n representat ives from this 
popu la t ion . 

It is wor th no t ing tha t out of 500 studied carefully by 
different means (including pho tome t ry ) , this list conta ins 
abou t 1 0 % . Nea r ly the same fraction, 6 binar ies out of 69, 
is given by rad io loca t ion (see above) . Three out of 28 big 
craters on Ea r th are double [64]. In 1980, C h a p m a n et al. 
[98] wro te tha t according to their est imates, 10% of large 
asteroids are b inary . Thus , specific observat ions and further 
s tudy of b inary asteroids as a sufficiently n u m e r o u s 
popu la t ion of small celestial bodies should be fairly 
successful. However , one should bear in mind tha t the 
success of the observat ions will be determined no t only by a 
successful choice of object, bu t also by its observabil i ty, i.e. 
by the or ienta t ion of the orbi ta l p lane of the satellite with 
respect to the observer. 

4. Estimation of periods of asteroid components 
Frequency analysis of the pho tome t r i c observat ions enables 
one to reveal periodicit ies which are no t obvious at first 
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glance, and to obta in informat ion on per iods caused by 
orbi ta l revolut ion of the componen t s of an asteroid which 
is complex in s t ructure. This p rob lem is related to a class of 
inverse pho tome t r i c p rob lems , where one tries to find some 
characterist ics of the studied b o d y by applying certain 
special techniques to the t ime series of asteroid br ightness 
var ia t ions . 

Pho tomet r i c series of asteroid observat ions suitable for 
frequency analysis must conta in a large number of indi
vidual measurements closely spaced in t ime. The t ime 
dur ing which asteroids can be observed is restricted by 
their observabil i ty: usually, they can be observed close to 
oppos i t ion when the distance is a m i n i m u m and the 
br ightness is a m a x i m u m . As a result, the phase angle 
determining the pa r t of the disk i l luminated by the Sun and 
the angle between the central mer id ian of the asteroid and 
the line of sight vary because of the as teroid ' s mot ion . The 
dura t ion of the interval between observat ions tha t provides 
approximate ly cons tant condi t ions of asteroid observabil i ty 
is abou t two weeks for the main belt asteroids. W h e n one is 
s tudying asteroids dur ing a close app roach to Ea r th these 
condi t ions must be considered separately for each case. 

A feature of pho tome t r i c series obta ined by as t rophys 
ical observat ion is their discontinuity, caused by condi t ions 
of visibility of an object dur ing the night, by weather 
condi t ions and by the al locat ion of observing t ime at 
the telescope. Therefore such series contain useful informa
t ion over a short t ime interval, as a rule. Several m e t h o d s 
for a sufficiently reliable analysis of such series with m a n y 
gaps have been developed in astrophysics . They are 
described in detail in Terebizh 's m o n o g r a p h [99] and are 
i l lustrated by n u m e r o u s examples. M a n y years of experi
ence of analysing such as t rophysical t ime series and 
excellent scientific results show tha t the appl icat ion of 
these m e t h o d s for s tudying asteroids with complex com
posi t ion is promis ing . 

4.1 Method of frequency analysis of photometric data 
M o d e r n equipment provides good accuracy of measure 
ment s and high t ime resolut ion. These proper t ies should be 
m a d e use of for asteroid observat ions as far as possible. 
F o r this pu rpose it is app ropr i a t e to record s imultaneously 
the br ightness of the asteroid and of ne ighbour ing stars in 
order to el iminate the effect of a tmospher ic extinction 
var ia t ions dur ing the night . It is advisable to have at one ' s 
disposal a pho tome t r i c cal ibrat ion for all observat ions 
which uses an artificial pho tome t r i c s t andard [100], to use 
absolute p h o t o m e t r y and to determine the a tmospher ic 
extinction for each night of observat ions . 

The frequency analysis should be per formed for stellar 
magni tudes of the asteroid reduced to a uni t distance from 
Sun and E a r t h and to a zero phase angle of solar 
i l luminat ion of the asteroid. The da ta must all be obta ined 
in the same pho tome t r i c system. The spectral b a n d for such 
invest igations can be chosen arbi trari ly. It is best to use the 
b a n d which provides a high signal-to-noise ra t io . It should 
be noted tha t interest ing results can be obta ined by 
analysing the as teroid ' s colour indices. Therefore, p h o t o 
met ry in two or m o r e b a n d s is needed. The rat io of the 
as teroid ' s br ightness in two or m o r e b a n d s and its var ia t ion 
with t ime bear informat ion abou t the dis t r ibut ion of 
pa tches over the surface of the asteroid or its c o m p a r 
ison. The analysis of colours makes it possible to distinguish 
the orbi ta l per iod, as the coloured spots on the c o m p o n e n t s ' 

Figure 7. Periodograms obtained by the La f l e r -K inman method 
during frequency analysis of the asteroid's brightness in the 5-band 
(a) and of the colour indices V-R (b) and B-V (c). The frequency 
measured in the number of periods per day is along the abscissa; the 
Laf le r - Kinman parameter LK is shown along the ordinate. 

surfaces exhibit only the spin per iods of the componen t s . 
This was the case for asteroid 87 Sylvia (see Fig. 7). The 
pe r iodogram of the as teroid 's br ightness displays a sharp 
min imum at a frequency cor responding to the per iod 
0.215985 d, and colour indices V—R and B — V show no 
per iodic changes at this frequency. The colour var ia t ions 
revealed the presence of two per iods which were interpreted 
in te rms of the c o m p o n e n t s ' spin per iods [96]. 

The search for br ightness var ia t ion per iods of var iable 
stars has been carried out over m o r e t han one hundred 
years. The under ly ing principle of this search has been the 
const ruct ion of tr ial phase d iagrams (light curves) with 
assumed per iods and choice of the curve with the smallest 
dispersion. Current ly , this search is m a d e entirely by 
computer . One can distinguish two approaches t owards 
the composi t ion of the m a n y codes for finding per iods . One 
of them is based on the me thod of light curve const ruct ion 
with tr ial per iods and on the development of au toma t i c 
m e t h o d s for isolation of the most p robab le per iod for which 
the dispersion of the po in t s relative to the mean curve is a 
m in imum. Different m e t h o d s of analysis differ in the 
evaluat ion of the poin t dispersion, for example L a f l e r -
K i n m a n ' s [101] and Yurkevich ' s [102] me thods . N o t e tha t 
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the form of the light curve is no t impor t an t for such 
analysis. These m e t h o d s are applicable for analysis of 
series with large gaps, bu t for high reliability of correct 
per iod de terminat ion a large a m o u n t of da ta is needed. The 
second app roach is connected with Four ie r analysis. It is 
m o r e r igorous mathemat ica l ly bu t there are p rob lems for 
d iscont inuous series analysis. In 1975, Deeming [103] 
publ ished a me thod tha t eliminates frequencies modu la t ed 
by gaps in the series of observat ions . This me thod assumes 
tha t the oscillations are sine waves and in the case of 
asteroids showing two-max ima light curves, it gives only the 
second h a r m o n i c of the real per iod. 

Studies of characterist ics of the mo t ion of asteroid 
componen t s were initiated by V V P r o k o f eva [ 8 7 - 8 9 ] in 
the Cr imean Ast rophysica l Observa tory (CrAO) . The 
results of studies for three asteroids are presented below. 
Two of them, 87 Sylvia and 423 Dio t ima , are large 
asteroids, for which the encounter probabi l i ty , and, as a 
result, the l ikelihood of their d isrupt ion, are higher t han for 
small as teroids [104, 105]. This could imply tha t they have 
complex s t ructure. The thi rd asteroid, 4179 Touta t i s , 
belongs to a family of asteroids tha t comes close to E a r t h 
and m a y be an evolved b inary system [106]. I ts b inar i ty was 
discovered by rad io loca t ion at the beginning of December 
1992 [38]. 

Observa t ions of all three objects were performed on the 
digital television complex a t tached to the half-metre 
M a k s u t o v meniscus telescope of the C r A O . The ins t ru
menta l pho tomet r i c system, similar to the BV system of 
J o h n s o n - M o r g a n and the R system of Johnson [107] was 
provided by appropr i a t e light filters. The me thod of 
pho tome t r i c measurement of asteroid br ightness is based 
on da ta reliability enhancement obta ined by s imul taneous 
use of two classical p h o t o m e t r y me thods : differential and 
fundamenta l [108]. Differentiality of the measurements was 
provided by the s imul taneous measurement of the br igh t 
ness of the asteroid and one of the ne ighbour ing stars. 
Cons t an t mon i to r ing of an artificial pho tome t r i c s t andard 
provided homogene i ty of the da ta in the ins t rumenta l 
pho tome t r i c system. Regula r cal ibrat ion of tha t system 
allowed the calculat ion of a reliable t ransi t ion equat ion 
to the s tandard BVR colour system. In order to determine 
the a tmospher ic extinction dur ing each night , specially 
chosen s t andard stars located close to the trajectory of 
the studied asteroid were observed. The usua l t ime of 
exposure was 1 - 3 min for br ight asteroids and reached 
5 - 6 min for asteroid Touta t i s . The accuracy of pho tome t r i c 
br ightness measurements varied from one to a few percent 
depending on the visual br ightness and weather condi t ions . 
The t ransi t ion to the s tandard pho tome t r i c BVR system 
in t roduced no m o r e t han 3 % error in asteroid absolute 
br ightness . 

The analysis of the pho tome t r i c da ta was carried out 
with the use of numer ica l codes for searching for per iods . 
The code 'Per iod ' , by which the major i ty of da ta were 
processed, was developed by Klep ikov and modified by 
K V P r o k o f eva. It uses s imultaneously three different 
me thods : those of L a f l e r - K i n m a n , Yurkevich and D e e m 
ing [101 -103] . The code allows an efficient survey of the 
da ta folded with a given per iod, as well as selection of the 
po lynomia l power to fit slow br ightness changes. Then the 
po lynomia l can be subtracted from the cor responding 
pho tome t r i c da ta , thus removing k n o w n per iods , which 
is necessary for finding h idden periodicit ies [99]. W h e n 

mult iple per iods were present , the da ta cleaning, as a rule, 
was m a d e consecutively for per iodic oscillations with 
decreasing ampl i tude . 

As t ronomica l observat ions with large gaps are well 
k n o w n to complicate the power spectrum of the cor re 
sponding objects. This p h e n o m e n o n is called frequency 
subst i tut ion [99]. The frequencies p roduced as a result of 
interact ion of the t rue frequency with the da ta gap 
frequencies, caused by t ime discont inui ty of the observa
t ional da ta , are k n o w n as conjugate frequencies. 
Sometimes, these false frequencies are called artifacts. 
The ampl i tudes of the peaks cor responding to these 
frequencies are comparab le with the peaks cor responding 
to the t rue frequency. So-called combina t ion frequencies 
which arise as a result of the t ransi t ion of the signal t h rough 
a nonl inear med ium are observed in the power spectrum as 
well [109]. They represent the sum of and the difference 
between the main frequency of the signal and the p roper 
frequency of the med ium. In as t rophysical da ta , the 
discont inui ty of the series under examinat ion can be 
t reated as such a med ium. It has frequencies determined 
by the observa t ional condi t ions , the length of the series or 
its segments, the series discontinuit ies over intervals of a 
day or m o n t h and by other causes. N o t e tha t if there is 
some a pr ior i informat ion, for example the presence of two 
max ima in the as teroid ' s light curve, this can be used to 
justify one or ano ther of the per iods revealed by the 
frequency analysis. 

To reveal real asteroid br ightness var ia t ions , a set of 
indicators was used. The discovered frequency was con
sidered real if: 
— the power spectrum showed the presence of ha rmonics 
and frequencies of mult iple per iods , as well as of the 
combina t ion frequencies symmetrical to tha t studied; 
— phase d iagrams (light curves) constructed with the 
studied per iod had no gaps caused by the discontinui ty 
of the observat ions and showed the presence of two 
max ima and two min ima of approx imate ly equal ampl i 
tude ; 
— phases of the light curves constructed from different 
series of observat ions were in agreement ; 
— pe r iodograms of a mode l obta ined by subst i tut ion of 
r a n d o m n u m b e r s for stellar magn i tudes in the studied 
series showed no peculiarit ies near the frequency taken to 
be t rue; 
— the peak cor responding to the frequency of the 
discovered per iod was seen in pe r iodograms obta ined by 
different me thods . 

4.2 Close binary system 87 Sylvia 
The ampl i tude of br ightness var ia t ions for asteroid 87 
Sylvia varies in the range 0.30 to 0.62 magni tudes [65]. The 
analysis of da ta publ ished in the l i terature showed tha t the 
m a x i m u m difference in the ampl i tudes is observed when the 
direction to the observer lies close to the as teroid 's 
equa tor ia l p lane so tha t eclipsing effects can appear . The 
C r A O observat ions were obta ined under just such 
condi t ions . F r o m 26 Apri l to 11 M a y , 1989, 5 -obse rva -
t ions were carried out dur ing 6 nights , and dur ing 4 nights 
s imul taneous BVR and integral light observat ions were 
carried out . In total , abou t 240 br ightness measurements in 
the 5 - b a n d and 130 measurements of the B — V and V—R 
colours were used for the frequency analysis. The search 
for periodicities was performed for different series of 
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Figure 8. Change of absolute 5-brightness of asteroid 87 Sylvia as a 
function of time measured in Julian days. The curve represents a 
sinusoid with period 13.5 d. 

observat ions , which enhanced the probabi l i ty of ob ta in ing 
the t rue per iods . 

Abso lu te var ia t ions in the 5 - b a n d of the asteroid were 
detected [87] which can be approx imated by a sinusoid with 
a per iod of abou t 13.5 d (see Fig. 8). Two max ima and 
min ima imply a to ta l per iod of ~ 27 d. The accuracy is 
abou t several days and in order to confirm its correctness, 
frequency analysis of the publ ished values of the absolute 
br ightness of the asteroid was carried out and revealed two 
close per iods of 29.1 and 32.1 d [110]. It was assumed tha t 
such var ia t ions of the as teroid ' s br ightness with an 
ampl i tude of a few ten ths of a stellar magn i tude could 
be explained by precession effects. 

Subt rac t ing the sinusoid with per iod 13.5 d from the 
observa t ional da ta removed the night- to-night asteroid 

Am/magnitudes 

0.0 0.2 0.4 0.6 0.8 1.0 
Phase 

Figure 9. Light curve of asteroid 87 Sylvia folded with period 
0.215985 d for 5-observations after removal of the frequency corre
sponding to the 13.5 d period. The zero phase is taken at the moment 
1989 April 26.324 JD . The curve represents a tenth order polynomial. 

br ightness var ia t ions . Analysis of the cleaned da ta a r ray 
showed clearly the presence of a deep m i n i m u m in the 
L a f l e r - K i n m a n pe r iodogram, shown in the upper pane l of 
Fig. 7. The frequency of the m i n i m u m cor responds to the 
k n o w n value of the as teroid 's spin per iod, 0.215985 d. 
There are three min ima symmetr ic to the main fre
quency; they are marked by a r rows and cor respond to 
combina t ion frequencies: the sum and difference of the 
main frequency, those cor responding to per iods 27, 13.5 
and 6.7 d, and the discont inui ty of the observat ions . The 
da ta folded with the per iod found are shown in Fig. 9. A 
10th order po lynomia l fits the mean light curve qui te well. 
The dispersion of separate po in t s near the curve is 
significantly higher t han the observat ional errors , which 
po in t s to the possible existence of other per iods and gives 
reason for further frequency analysis. Before doing this, 
da ta rectification with respect to this per iod was u n d e r 
taken . 

The frequency analysis of the twice cleaned da ta showed 
tha t the set of indicators of a t rue per iod is satisfied for two 
per iods: 0.221 and 0.211 d, cor responding to frequencies 
4.53 d _ 1 and 4.74 d _ 1 , respectively, with a difference 
between them of abou t 0.2 d _ 1 , which cor responds to 
the per iod of gaps in the observat ions of abou t 5 d. The 
pe r iodograms obta ined in the vicinity of these frequencies 

4.50 4.56 4.62 4.68 4.74 4.80 

p-l/d~l 

Figure 10. The L a f l e r - K i n m a n periodograms obtained (see Fig. 7) 
for two series (a) and (b) of the observations of asteroid 87 Sylvia after 
double cleaning of the frequencies corresponding to periods 13.5 d and 
0.215985 d. The vertical lines show the detected frequency positions 
4.53 d" 1 and 4.74 d"1; the arrows mark combination frequencies. The 
result of analysis of modelling the asteroid brightness variations by 
random numbers is presented in (c). 



Satellites of asteroids 637 

Am/magnitudes 

-0 .16 -

0.00 -

0.08 

0.16 -

P/d = 0.2207 + 

+ 

0.0 0.2 

Am/magnitudes 

0.4 0.6 0.8 1.0 
Phase 

-0.16 -

-0.08 -

0.00 -

0.08 -

P/d = 0.2207 +- + + + 

. + + + ++, + + + + + + + 

0.16 | - + + + 

_l_ _l_ 

+ + 

J_ J_ J 

0.0 0.2 0.4 0.6 0.8 1.0 

Phase 

Am/magni tudes 

-0.12 + 

-0.06 

0.00 

0.06 

0.12 

0.18 

P/d = 0.121 
+ 

+ + 
c 

•f + 

+ 4 
+ 

+ + 
J 

0.0 0.2 

Am/magni tudes 

-0.12 
4- + 

+ + + + -0 .06 -_<_+ H~~H-+4f_J_ + 

o.oo --h 

0.06 -

0.12 

0.4 0.6 

P/d = 0.065 + 

+ • 

0.8 1.0 
Phase 

+ 
d 

+ + 

+ 

+ 

j 
0.0 0.2 0.4 0.6 0.8 1.0 

Phase 

Figure 11. Phase diagrams demonstrating rotation of the first 
component of asteroid 87 Sylvia and constructed by using its 
5-magnitudes (a) and V—R colours (b) with the period 0.2207 d; 
rotation of the secondary component is seen from the phase diagrams 

constructed by 5-magnitudes with the period 0.1207 d (c) and B — V 
colours with the period 0.065 d (d). The vertical bars represent the 
mean values inside bins and their errors. 

from two series of observat ions are shown in Fig . 10a and 
Fig. 10b. The vertical lines m a r k the new frequencies; the 
a r rows show the combina t ion frequencies located symmet
rically which represent the sum and difference of these 
oscillation frequencies with frequencies cor responding to 
the per iods 27 and 13.5 d. F o r compar i son , Fig. 10c shows 
the pe r iodogram for a mode l consisting of r a n d o m n u m b e r s 
subst i tuted for the stellar magni tudes , keeping the real 
m o m e n t s of observat ion unchanged . Only use of the results 
of frequency analysis of the as teroid ' s colour indices, B — V 
and V—R (see Fig . 7), m a d e it possible to select the first of 
these two per iods and to identify its value, 0.2207 d. The 
light and V—R colour index curves obta ined with this 
per iod are shown in Fig. 11a and Fig. l i b . 

Analysis of the da ta performed after triple cleaning of 
the pho tomet r i ca l series for this asteroid revealed the 
presence of a per iod of 0.12 d (see Fig . 11c). Analysis of 
colour observat ions confirmed a periodici ty at high fre
quencies. This periodici ty was most clearly exhibited in the 
B — V colour index var ia t ions . By analogy with usua l t w o -
max ima light curves, V V P r o k o f eva and Demch ik [96] 
argued tha t the colour light curve m a y also display two 
max ima . In tha t case the per iod tu rns out to be equal to 

0.065 d (Fig. l i d ) . With in the uncer ta in ty , this per iod is the 
second h a r m o n i c of the per iod 0.12 d found in the colour 
var ia t ions . N o t e tha t if the second componen t has four 
colour spots instead of two, the frequency analysis of the 
br ightness and colour var ia t ions gives similar results. 

H av i n g obta ined evidence for asteroid b inar i ty from the 
frequency analysis, one can evaluate some of the pa rame te r s 
using the calculat ions of equil ibrium models of b ina ry 
asteroids of Leone et al. [84]. Assuming the m a x i m u m 
ampl i tude of the variabil i ty to be 0.65 magni tudes , from 
the k n o w n per iod 0.215985 d we can est imate the c o m p o 
nen t s ' mass ra t io , M2/Mx = 0 . 3 - 0 . 1 and their mean 
density, 4.5 g c m - 3 . One can evaluate the rat io of the 
c o m p o n e n t s ' effective radii , R2/R\= 0.7, by suppos ing 
their disks to be round . If this is the case, the c o m p o 
nen t s ' br ightness differs by abou t 0.8 magni tudes . K n o w i n g 
the as teroid ' s diameter , 271 km, est imated by assuming it to 
be a single body , we obta in for the effective diameters of the 
componen t s Rx = 227 k m and R2 = 150 k m . U n d e r the 
assumpt ion of synchronous orbit of the satellite, one can 
est imate its rad ius to be 250 km, with a distance between 
the c o m p o n e n t s ' surfaces of only abou t 60 km. Thus , 
asteroid 87 Sylvia is a close b inary system. 
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4.3 Binarity of asteroid 423 Diot ima 
The spin per iod of asteroid 423 Dio t ima , 4.622 h, 
ca ta logued in Ref. [65] was found in three series of 
observat ions with dura t ions of 7, 5, and 6 h. On 10 
Augus t , 1981, the observat ions were obta ined in Chile [111] 
and showed the presence of two max ima and one m i n i m u m 
over 7 h of observat ion. The ampl i tude was 0.06 
magni tudes with the br ightness difference in the max ima 
being 0.02 magni tudes . On 10 N o v e m b e r 1982, a 5 h run 
revealed the presence of two max ima and one min imum. 
Schober notes tha t these max ima were separated by 2.5 h 
in 1982 and 4.5 h in 1981. In addi t ion, in 1982 a sharp deep 
(0.1 magni tude) m in imum lasting for abou t one hour was 
recorded, whereas in 1981 the light curve form was close to 
sinusoidal . On the basis of these features, Schober assumed 
the existence of a satellite. D u r i n g observat ions m a d e in 
I taly on 22 N o v e m b e r 1982, lasting 6 h, two max ima and 
two min ima were recorded [112] with an ampl i tude of 0.18 
magni tudes . Two groups of au tho r s came to the conclusion 
tha t the as teroid 's light curve was irregular and ambiguous , 
which complicated the per iod de terminat ion . Nevertheless , 
they presented the value 4.622 h [113]. 

In the Cr imean Ast rophysica l Observa tory , 920 V-
pho tome t r i c measurements of asteroid 423 D io t ima were 
obta ined dur ing 7 nights [90, 114]. The to ta l dura t ion of the 
asteroid br ightness measurement was 41.6 h. A n addi t iona l 
cont ro l for the correctness of the asteroid absolute br igh t 
ness de terminat ion was provided. F o r this purpose , special 
observat ions of stars whose br ightness was recorded 
s imultaneously with tha t of the asteroid were made . 

The entire series of observat ions is presented in Fig. 12. 
The ampl i tude of the asteroid br ightness var ia t ions dur ing 
individual nights is abou t 0 . 2 - 0 . 3 magni tudes , and a 
possibly regular variabil i ty over an interval of a few 
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Figure 12. Change of absolute magnitude V(1,0) of asteroid 423 
Diotima as a function of time in Julian days. The curve is a third 
order polynomial. 
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Figure 13. The La f l e r -K inman (a, c) and Yurkevich (b, d) periodo
grams constructed for single (a, b) and twice (c, d) cleaned series of 
observations. The vertical lines indicate the frequencies corresponding 
to the periods 0.621 d and 0.190 d. Frequency is along the abscissa; 
the La f l e r -K inman parameter LK (a, c) and the probability of the 
existence of the given frequency (b, d) are along the ordinate. 

days is significantly higher. Similar br ightness var ia t ions 
observed for asteroid 1220 Crocus were explained by forced 
precession induced by a satellite [94]. V V P r o k o f eva et al. 
[90] argued tha t the br ightness changes of asteroid D io t ima 
with an ampl i tude of 0.8 magni tudes m a y give evidence for 
the existence of a satellite. 

F requency analysis of da ta , obta ined after slow br igh t 
ness var ia t ions have been fitted by a po lynomia l and 
subtracted from the pho tome t r i c da ta , detected a per iod 
of 0.621 d at a high significance level (see Figs 13a and 
13b). The light curve obta ined with this per iod is shown in 
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Figure 14. Light curves of asteroid 423 Diotima constructed with the 
periods 0.621 d (a) and 0.190 d (b). The curve is a sixth order 
polynomial; the points with vertical bars show the mean brightness 
inside the bin and its rms error. 

Fig . 14a. It exhibits two max ima of different ampl i tude , 
with the highest having a sharp form. The m a x i m u m 
ampl i tude is abou t 0.2 magni tudes and the max ima differ 
by 0.09 magni tudes . N o t e tha t short t ime series of 
observat ions , which had been used earlier to determine 
the spin per iod of the asteroid, did no t al low this per iod to 
be discovered. 

R e m o v i n g the oscillations with per iod 0.621 d from the 
observa t ional da ta was done by subtrac t ing a po lynomia l 
(see Fig. 14a). The L a f l e r - K i n m a n and Yurkevich p e r i o d o 
g rams are shown in Fig. 13c and Fig. 13d. The light curve 
obta ined using the per iod 0.190 d is presented in Fig. 14b. 
The ampl i tude of br ightness changes is abou t 0.08 mag n i 
tudes ; the max ima differ by 0.04 magni tudes . 

F requency analysis of dense series of pho tome t r i c 
observat ions for asteroid 423 Dio t ima revealed the p res 
ence of three br ightness oscillations. The longest per iod has 
been determined very roughly and is abou t 200 d. Its 
ampl i tude is near 0.8 magni tudes and its smooth br ightness 
var ia t ions suggest tha t it is real. A source of such oscillations 
could be a satellite-induced precession. Two other per iods , 
0.621 d and 0.190 d, according to assumpt ions by P r o 
k o f eva and K a r a c h k i n a [90, 114], are spin per iods of the 
as teroid ' s componen t s . If the orbi ta l per iod is accepted to be 
0.621 d, the orbi ta l rad ius is found to be 400 km. The 
pho tome t r i c da ta suggest the componen t s measure 
200 k m and 80 k m across. 

4.4 Two-component structure of asteroid 4179 Toutatis 
Asteroid 4179 Tou ta t i s belongs to a group of asteroids 
which undergo close encounters with Ear th . In 1 9 9 2 - 1 9 9 3 , 

extensive studies of this object were m a d e while it passed 
Ea r th at a distance of 3.6 million k m . Rad io loca t ion [38] 
revealed it to consist of two fragments. By using 
pho tome t r i c and polar imetr ic observat ions , Krugly i e-
t al. [115] and Vasil 'ev et al. [116, 117] have evaluated its 
diameter as 2 . 5 - 2 . 7 k m assuming it to be a single body . 
Pho tomet r i c observat ions of Tou ta t i s have been performed 
in m a n y observator ies a r o u n d the world [118]. 

A pre l iminary frequency analysis of T o u t a t i s ' br ightness 
has been m a d e using V-observat ions obta ined in C r A O [93]. 
The analysis was done in the per iod range of less than one 
day and revealed the presence of a few frequencies, which 
indicated tha t the asteroid was b inary . A m o r e detailed 
analysis in a wide frequency range has been performed 
using unified Cr imean and K h a r k o v observat ions [91]. All 
the da ta were reduced to a un ique pho tome t r i c system, V, as 
well as to uni t distances from Sun and Ea r th and to zero 
phase angle. To increase the reliability of the results, 
different averaging of the da ta was m a d e yielding several 
series with different t ime resolut ion. Each of them has been 
analysed in the intrinsically op t imal frequency region. 
Over lapping of the frequency range ensured doubl ing of 
the results obta ined . The main series consisted of 314 
br ightness values with an accuracy bet ter t han 0.01 
magni tudes and a t ime resolut ion of 1 0 - 3 0 min. The 
p rob lem turned out to be ra ther complicated as m a n y 
diverse per iods were found. Frequencies of the per iods 
found were cleaned from the da ta , with the oscillations 
being removed in tu rn of decreasing ampl i tude . M a n y 
ha rmonics were discovered; however , the main per iods 
were successfully dist inguished (Fig. 15). 

The per iod 7.48 d has an ampl i tude of abou t 1.0 
magni tudes and yields the light curve with two minima. 
The first m o m e n t of the deepest m i n i m u m observed by us at 
JD = 2448983.523 is displaced by an integer n u m b e r of 
per iods from the m o m e n t when, according to rad io loca t ion 
[39], the as teroid ' s componen t crossed the line between the 
asteroid and the locator , with the larger componen t closer 
to the observer. This is an a rgument which suggests tha t the 
per iod found is the orbi ta l per iod. 

The per iod 62 d is determined ra ther roughly, as it is 
comparab le with the dura t ion of the observat ions . It might 
be connected with the orbi ta l axis precession. 

The per iods 2.85 and 1.66 d were suggested by 
V V P r o k o f eva et al. [119] to be the c o m p o n e n t s ' spin 
per iods . This is in accordance with radio loca t ion da ta , 
showing small spin velocities of the asteroid as a whole and 
of its componen t s separately, which were obta ined with a 
small echo-signal width of 2 Hz . The number of ha rmonics , 
10 and 7, indicate a complex surface s t ructure of the 
as teroid ' s componen t s , which possibly have a lot of 
fractures, spots and other details. As the asteroid 
ro ta tes , they p roduce a high-frequency modu la t i on and 
hence cause the ha rmonics . 

Analysis in a high frequency range allowed a m o r e 
sophist icated examinat ion of the da ta , which were grouped 
by m a x i m u m and min imum asteroid br ightness varying 
with the per iod 7.48 d. This m a d e it possible to connect the 
per iods with individual componen t s . The per iod 2.85 d was 
suggested as the spin per iod of the larger componen t [119]. 
The per iod 1.66 d is likely to relate to the secondary, 
smaller, componen t which might be fully or par t ia l ly 
eclipsed by the first dur ing the deepest min ima. 
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The rat io of the c o m p o n e n t s ' ro ta t iona l per iods , P\/P2, 
and the echo-signal width for each componen t , BxjB2, 
enable us to evaluate their diameter ra t io , Dx/D2. It is 
well k n o w n [44, 120] tha t 

B = 
ATZD cos (5 

IP (1) 

where X is the wavelength used for locat ion, 3 is the 
as teroidocentr ic declination of the locator which m a y be 
t aken to be the same for b o t h componen t s . F r o m 
expression (1) we obta in the rat io of the c o m p o n e n t s ' 
d iameters , Dx/D2 = BlPl/B2P2. The rat io Bx/B2 = 0.64 
was found from radio loca t ion images of the asteroid shown 
in Fig. 3 t ak ing into account tha t the upper componen t is 
closer to the locator . The rat io of the per iods , 

P\/P2 = 1.71, gives the rat io of the diameters , 
Di/D2 = 1.1. This agrees with the est imates of Zai tsev e-
t al. [120] according to which the rat io of cross sections of 
the componen t s measured on 9 N o v e m b e r was 0.85 and, 
hence, Dx/D2 = 1.09. 

F requency analysis of the variabil i ty in br ightness of 
asteroid Tou ta t i s revealed tha t it was likely to consist of two 
componen t s . C o m p a r i s o n of the opt ical and radio da ta 
po in t s indicated an orbi ta l per iod of 7.48 d. The per iod 62 d 
might be caused by precession of the orbi ta l mot ion . It was 
also assumed tha t the spin per iods of the larger and smaller 
componen t s are 2.85 and 1.66 d, respectively. The c o m p o 
nents mus t have an angular form, fractures and 
inhomogeneous surfaces. 
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5. Origin and dynamics of double asteroids 
and asteroid satellites 

In this section we will consider current models for the 
origin of satellite systems, and s tudy the p rob lem of 
stability of asteroid satellites and h o w they might have 
formed. 

5.1 Cosmogonical models: a possible change of 
theoretical paradigm 
W h a t is the place of asteroids in the m o d e r n pic ture of the 
format ion of the Solar System? The hypothes is of Olbers, 
who discovered Pal las and Vesta, tha t the asteroids are 
fragments of an exploded planet , is presently denied. F r o m 
the poin t of view of m o d e r n cosmogony, asteroids are 
bui lding mater ia l for a planet whose const ruct ion was 
in ter rupted by the pe r tu rb ing action of Jupiter . This 
interact ion induced a characterist ic encounter velocity of 
up to 5 k m s _ 1 inside the asteroid belt, and escape 
velocities from the surfaces of asteroids are at least 10 
t imes lower: for the largest asteroid, Ceres, measur ing 
1000 k m across, the escape velocity is abou t 0.5 k m s _ 1 . 
N o t e tha t the typical chaot ic velocity of bodies inside a 
planet format ion zone is near ly equal to the escape velocity 
for the largest of the bodies from the zone, or for the planet 
embryo [121], which permi ts the planetesimals to uni te 
dur ing inelastic encounters . 

As is poin ted out in Ref. [121], the factor of ten 'hea t ing ' 
of the asteroid belt not only prohib i t s accret ion-induced 
coalescence of asteroids dur ing m u t u a l encounters , bu t also 
leads to an intensive encounter - induced disrupt ion of 
asteroids. 

Thus , according to generally accepted views, in the Solar 
System there are 9 ' t rue ' p lanets which have developed 
satellite systems as a rule, and m a n y asteroids which are just 
' b roken br icks ' in the place of a planet which never formed 
and hence cannot pre tend to the n o r m a l s tatus of planet . 
This implies an absence of satellites, which are usually 
present near all large planets . 

The discovery of Ida ' s satellite placed asteroids imme
diately in the same league as other p lanets , at least in having 
satellite systems. Therefore, the probabi l i ty of the existence 
of satellites near asteroids should be evaluated from the 
poin t of view of a general theory of satellite system 
format ion. Unfor tuna te ly , no such theory exists as yet, 
which complicates our task. On the other hand , the 
as te ro ids ' b inar i ty itself must help us in developing a 
detailed theory of satellite format ion. 

Let us t race the evolut ion of satellite format ion models . 
Before 1978, it was accepted tha t three out of five p lanets 
from the E a r t h g r o u p — M e r c u r y , Venus and P l u t o — h a d 
no satellites. Two very small satellites are k n o w n to orbit 
M a r s (the mass rat io of P h o b o s and De imos to M a r s is 
abou t 10~ 8 ) . Only Ear th , with its very large satellite, the 
M o o n (1 /81 of the p l ane t ' s mass) , looked like a clear 
anomaly . 

The masses of the satellite systems are abou t 0.021 -
0.025% of the p lane t ' s mass for Jupiter , Sa turn and 
N e p t u n e , and only 0 .01% for U r a n u s . One could conclude 
tha t the smaller the planet , the smaller the mass (both 
absolute and relative) of its satellite, with the only exception 
being the E a r t h - M o o n system. This uniqueness of the 
M o o n p rovoked the hypothesis tha t it was formed as a 
result of a ca tas t rophic event — a tangent ia l mega impac t 

[122, 123]; an e n o r m o u s b o d y similar to M a r s in size strikes 
Ea r th on a tangent ia l trajectory, tears out a piece of the 
mant le and flies away ( w h e r e ? — u n k n o w n ) . Pa r t of the 
displaced mat te r forms a massive disk from which the 
M o o n subsequent ly forms. 

Satellites of the giant p lanets are subdivided into two 
classes: regular satellites located near the p l ane t ' s equator ia l 
p lane on approx imate ly circular orbi ts , and irregular ones 
with a re t rograde ro ta t ion (relative to the intrinsic ro ta t ion 
of the planet) or just with large eccentricity and orbi ta l 
inclination. Accord ing to the S h m i d t - S a f r o n o v mode l [121, 
1 2 4 - 1 2 6 ] , regular satellites were formed from a p r o t o -
satellite disk as a result of the coalescence of t iny particles. 
Ano the r format ion mechanism is usually invoked for 
irregular satellites of giant p lanets : cap ture of a ' ready-
m a d e ' large b o d y of satellite size from a heliocentric orbit 
[ 127 -130] . However , this hypothesis cannot fully explain 
the diversity of irregular satellites with only one captur ing 
mechanism [131]. Moreover , the large mass of the r e t ro 
grade Tr i ton makes its cap ture extremely improbab le . It is 
wor th no t ing the hypothes is according to which Pluto used 
to be a satellite of N e p t u n e [132]. T h u s P lu to , like the 
asteroids, is in fact deprived of 'genuine ' planet s tatus. 
R u s k o l [125] considered the accretion mechanism for the 
format ion of the M o o n . However , in Ref. [133] it is asserted 
tha t accretion models cannot explain the origin of such a 
massive b o d y as the M o o n . 

Thus , unt i l the end of the 1970s three theories of satellite 
format ion coexisted peacefully: for regular satellites — the 
accretion model ; for irregular satellites — the cap ture 
model ; for the M o o n — a mega impac t model . Accord ing 
to the accretion model , satellite format ion is a regular 
process and the satellite's characterist ics reflect the p r o p e r 
ties of a protosatel l i te disk. The models of cap ture and 
mega impac t are based on account ing for r a n d o m and low-
probabi l i ty events. The last mode l has a large number of 
free pa ramete r s , which can be adjusted to give any scenario 
desired. Ca t a s t rophe is a panacea tha t can be used to solve 
all cosmogonica l p rob lems by b ru te force. In tha t case the 
dynamic proper t ies of satellite systems result by chance and 
do not depend on the format ion condi t ions . The theory of 
' ca tas t roph ism ' was seriously damaged by Chr is t i ' s discov
ery of C h a r o n , an e n o r m o u s satellite of Pluto with a mass of 
15% of the p l ane t ' s mass . This does not permi t further 
considerat ion of Plu to as a former satellite of N e p t u n e : even 
if one imagines a double satellite, h o w one could detach it 
from the planet wi thout d is rupt ion? T h u s Pluto confirmed 
its s ta tus as a genuine planet , and the hypothesis of 
mega impac t should n o w be extended to the large m o o n 
C h a r o n . This decreases significantly the plausibil i ty of such 
a model . The p rob lems increased after n u m e r o u s repor t s on 
the discovery of b ina ry asteroids appeared . In order to 
explain these bodies , the megaimpac t mode l had to be 
applied again, which exhausted it completely. S t rong 
damage to ca tas t rophism was caused by the Galileo 
spacecraft which discovered a satellite near the second 
asteroid it studied. Obviously, as teroids with satellites 
are far too n u m e r o u s for the mode l of low-probabi l i ty , 
carefully calculated tangent ia l megaimpacts . D o es it mean 
tha t for asteroid satellites to be explained one needs to find 
one more , a fourth class of cosmogonical models? W e 
believe tha t the me thod of const ruct ing a unified mode l for 
all types of satellite systems is m o r e promis ing . Below we 
will consider the stability of p r o g r a d e and re t rograde 
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satellite orbi ts , and then will sketch an accretion mode l tha t 
explains satellite format ion b o t h a r o u n d main p lanets and 
a r o u n d asteroids from the same s tandpoin t . 

5.2 Stability of satellite orbits 
Where m a y and where m a y no t p lane ta ry satellites move? 
Tradi t ional ly , the region of satellite mo t ion is considered to 
lie within a Hi l l ' s sphere with a rad ius equal to the distance 
to the Lagrang ian poin t Lx [134] 

A A' 
Rh = R \ A - - -

3 x 1 / 3 

(2) 

1 /3 

where A = (m/3M) 1 , m is the p lane t ' s mass , M is the 
mass of Sun, R is the rad ius of the p l ane t ' s orbit . However , 
firstly, it has been recognised tha t the stability depends on 
the direction of revolut ion: the re t rograde satellites are 
m o r e stable t han the p rog rade ones [131, 1 3 5 - 1 3 9 ] . Orbi ts 
of the p r o g r a d e satellites (which revolve in the orbi ta l 
direction of the planet) lose their stability by approach ing 
the Hil l ' s sphere b o u n d a r y ; the re t rograde satellite m a y 
exist in a stable configurat ion beyond the Hi l l ' s sphere, 
a l though in a very limited area [131]. 

Let us present , following Ref. [131], the results of 
analysis of satellite part icle mo t ion with p r o g r a d e or 
re t rograde revolut ion a r o u n d a planet or an asteroid in 
the p l ane t ' s orbi ta l p lane t ak ing into account the Sun 's 
influence (plane restricted 3-body prob lem) . The orbit of 
the p lane ta ry b o d y is assumed to be circular, and the 
coord ina te frame is ro ta t ing with the planet . Fig . 16 shows 
the results of calculat ions for Jupiter . The b o u n d a r y 
X = 0.06 beyond which the l ikelihood of satellite existence 
is practical ly zero is close to the Hil l ' s sphere, Rh = 0.06677? 
[Eqn (2)]. 

Thus , according to E q n (2) and numer ica l calculat ions 
[131, 138, 139], any asteroid is su r rounded by a zone where 
it successfully controls its satellite's mo t ion and its gravi ta
t ional field domina tes over the Sun 's a t t rac t ion . Let us 
evaluate, using E q n (2), the m a x i m u m rad ius of the 
satellite's orbit for asteroids from the main belt and those 
which app roach the Ear th : 

Rh = 545Ra (R = 2.7 A U ) = 202Ra (R = 1.0 A U ) , (3) 

where Ra is the rad ius of an asteroid with a density of 
3.5 g c m - 3 . 

Let us address the quest ion abou t the na tu re of satellite 
mo t ion inside the Hil l ' s sphere. In Fig. 16 the regions of 
s ta t ionary orbi ts (not changing in t ime in the ro ta t ing 
frame) appear as thin lines: 

1. Circular orbi ts with p r o g r a d e ro ta t ion (D) which 
extend up to 0.4 of the rad ius of the Hi l l ' s sphere. This 
value varies from 0.377? h for Jupi ter [131] to 0.427? h for 
small as teroids [140]. 

2. Egg-like orbi ts with p rog rade ro ta t ion elongated 
ou tward (N) or t oward (S) the Sun. 

3. Orbi ts with re t rograde ro ta t ion (R), which differ from 
those in the Z)-class only in the direction of ro ta t ion and 
extend far beyond the Hil l ' s sphere. At large distances from 
the planet the R-orbits tu rn into epicyclic ones. 

Thus , inside the Hi l l ' s sphere an inner zone measur ing 
0ARh can be dist inguished, where the satellites with 
p r o g r a d e ro ta t ion can move a long circular Z)-orbits for 
an infinitely long t ime [131]. In the outer zone of the Hi l l ' s 
sphere the p rog rade satellites move a long elliptical orbi ts 

Figure 16. Area of initial coordinates and velocities of test Jovian 
satellite particles. The particles are placed along the X-axis continuing 
the Jupiter - Sun line (figures to the right are distances between Jupiter 
and the Sun, to the left the Hill 's sphere radii) and have initial 
velocities Vy perpendicular to the X-axis. The velocity unit is Jupiter 's 
orbital velocity. The lines mark four classes of stationary orbits — 
D, N, S, R. Dots label the stable orbit boundary beyond which the 
particle escapes Jupiter during the course of 100 terrestrial years. The 
dashed line Vy — —2X corresponds to the velocity profile for epicyclic 
orbits in the absence of the planet. 

under the pe r tu rb ing act ion of the Sun [131]. Satellite 
format ion is possible only in a ' cool ' disk where the 
velocity dispersion of the part icles is small and encounters 
lead to coalescence and no t to d isrupt ion [141]. Obviously, 
the p ro to satellite ' cool ' disk can consist only of p r o g r a d e D-
orbi ts or re t rograde R-orbits [131]. Therefore, the p rog rade 
p ro to satellite disk is si tuated within OAR h . H e r e the 
p r o g r a d e satellites which have no t unde rgone significant 
evolut ionary changes must also reside. 

At the per icentre of Jupi te r ' s orbit , the outer rad ius of 
the p r o g r a d e disk is abou t 18.5 million k m [131]. The large 
semiaxes of the p r o g r a d e outer Jovian satellites are 11 -
12 million km, whereas those of the re t rograde satellites are 
2 1 - 2 4 million km, i.e. the latter are si tuated just beyond 
the p r o g r a d e disk limiting b o u n d a r y . This confirms the 
l imitat ion of the p rog rade disk rad ius and is evidence for 
the existence of an outer protosate l l i te disk. The real 
b o u n d a r y to the re t rograde disk from the poin t of view 
of stability is the Hi l l ' s sphere. Only marg ina l stability exists 
for the part icles in R-orbits beyond the Hi l l ' s sphere. 

Each asteroid, even the smallest, is su r rounded by a 
zone of stable satellite mot ion . As a rule, the asteroid 
satellites lie at a dis tance of a few asteroid radi i (see Table 
2). Even for asteroids from the vicinity of the Ear th , the 
Hi l l ' s sphere b o u n d a r y is no t less t han 200 asteroid radii , 
and the size of the circular mo t ion zone is abou t 100 radi i 
[see E q n (3)]. This means tha t neither solar, nor weaker 
Jovian pe r tu rba t ions can destabilise the as teroid ' s satellite. 

5.3 Accretion cosmogony of the protosatellite disk 
Protosatel l i te disks m a y result from the accretion of 
gaseous masses and planetesimals from heliocentric 
orbi ts . F ree mot ion of a p lanetes imal to a planet (here 
the term 'p lanet ' relates to asteroids as well) leads to 4 
possibilities: 
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Table 2. Satellite systems of planets and asteroids. 

Planet name Hill's radius Planet mass Relative satellite Relative distance Number of satellites 

(% R) (in Earth units) mass (in 10~4 of M p l ) to mass peak (in Rpl) 

Jupiter 6.7 318 2 6.0 (Io) 16 
Saturn 4.6 95 2 20.3 (Titan) 18 
Neptune 2.6 17 2 15.9 (Triton) 8 
Uranus 2.4 15 1 18.5 (Titania) 15 
Earth 1.0 1 120 60.3 (Moon) 1 
Mars 0.48 0.1 0.0002 2.8 (Phobos) 2 
Pluto 0.13 0.002 1500 17.0 (Charon) 1 
Ceres 0.07 3 x I O - 4 ? ? ? 

Sylvia 0.02 6 x I O - 6 2000 2 1? 
Herculina 0.02 4 x I O - 6 80 9 1? 
Diotima 0.02 3 x I O - 6 600 4 1? 
Metis 0.009 8 x 10" 7 800 14 1? 
Ida 0.002 7 x 1 0 - 8 0.7 6 1 
Toutatis 0.0002 5 x 1 0 " 1 2 7500 2? 1 

1. F ree fly-by after a single app roach to the planet 
(sometimes after 2 - 3 tu rns a r o u n d it). 

2. Fa l l on to the planet . 
3. Encoun te r with a part icle from the satellite disk. 
4. Encoun te r with a ne ighbour ing planetesimal . 
After the encounter , new choices appear : 
1. Transi t to a heliocentric orbit . 
2. Fa l l on to the planet . 
3. Transi t to a relatively stable satellite orbit , p rog rade 

or re t rograde . 
After t ransi t to a satellite orbit , the fate of the b o d y is 

determined in secondary collisions with other part icles. In 
the Solar System, we deal with three different cases of such 
an accretion p rob lem for: 
— giant planets : Jupi ter , Saturn , N e p t u n e and U r a n u s . A 
feature of these systems is tha t the Hil l 's sphere size 
const i tutes a significant fraction of the orbi ta l rad ius 
(see Table 2). Therefore, one can consider a t w o -
dimensional p rob lem of planetes imal accretion from 
heliocentric orbi ts on to a protosatel l i te disk. In case of 
Jupiter , Sa turn and N e p t u n e the planetes imals move 
approximate ly in the p lane of the protosatel l i te disk. 
The si tuat ion is m o r e complex for U r a n u s which lies 'on its 
side ' and the or ienta t ion of its satellite system is 
perpendicular to the ecliptic; 
— Ea r th group planets : Ea r th , M a r s and P lu to . In this case 
the Hi l l ' s sphere is significantly smaller in size t han the 
distance to the Sun, and therefore the accretion growth of 
the protosatel l i te disk mus t be considered as a th ree-
dimensional p rob lem (the part icles fall on to the disk from 
all directions). Bo th for giant p lanets and the E a r t h group 
planets , chaot ic velocities of the planetesimals are 
commensura t e with the escape velocity from the surface 
of the largest body ; 
— large and small asteroids: from Ceres to Touta t i s . 

This is also a var iant of three-dimensional accretion bu t 
with smaller relative sizes of the Hil l ' s spheres. The mos t 
impor t an t difference from the E a r t h group planets is tha t 
under Jupi te r ' s act ion the present fly-by velocities of the 
planetesimals near an asteroid are m a n y t imes higher t h a n 
the orbi ta l velocity of the satellite part icles or the escape 
velocity from the as te ro id ' s surface (as was ment ioned 
above, the velocity of m u t u a l collisions for bodies in the 

asteroid belt is 5 k m s - 1 , whereas the escape velocity is 
0.5 k m s _ 1 for Ceres and abou t 1 m s _ 1 for Touta t i s ) . This 
complicates the accretion and format ion of satellites in the 
present t ime. 

5.4 Formation of satellite systems around giant planets 
The diversity of satellite systems a r o u n d giant p lanets is 
as tonishing. The Voyager spacecraft revealed a str iking 
world of outer planet satellites: powerful sulphur volcanoes 
on the o range Io ; m a n y ki lometres of geysers of liquid 
ni t rogen on the rose Tr i ton ; Ti tan embedded in deep clouds 
which possibly hide a c a r b o n - h y d r o g e n ocean. The to ta l 
number of satellites a r o u n d the giant p lanets reached 57. 

M o v i n g away from Jupiter , small inner satellites are 
exchanged for e n o r m o u s Gali lean m o o n s . Beyond the 
fourth giant, Call isto, an extensive empty space extends 
from 1.9 to 11 million km. At distances 1 1 - 1 2 million k m 
from Jupiter four m o r e minuscule satellites, the Himal ia 
g roup , orbit a r o u n d the planet , and further on empty space 
stretches again up to 21 million km. A n d at the very edge of 
the Jovian system 4 m o r e satellites of the Pas iphae group 
orbit a r o u n d Jupiter with semimajor axes in the range 
2 1 . 2 - 2 3 . 7 k m . The most striking aspect is tha t the satellites 
of the Pas iphae group revolve in the re t rograde direction. 

Beyond the famous r ing of Saturn , the space is filled by 
a number of small satellites tha t g row in size with increasing 
orbi ta l rad ius . A m o n g the Saturn ian satellites, the largest is 
Ti tan, at a distance of 1.2 million km. Then come smaller 
Hyper ion and Iape tus (the latter at a dis tance of 
3.56 million km) . At the edge of the Sa turn ian system at 
a distance of 13 million km, we meet the unexpected 
Phoebe , which has re t rograde revolut ion. N o t e tha t the 
mass of Phoebe is m o r e t han an order of magn i tude higher 
t han the to ta l mass of the re t rograde Jovian satellites. 

The similarity between the Jovian and Sa turn ian 
systems is beyond doub t : diverse g roups of p r o g r a d e 
satellites are located close to the planet whereas the 
re t rograde satellites are located in a r emote per iphery of 
the system. However , the N e p t u n i a n system immediately 
violates the sketched rule: a number of small satellites 
beyond the outer b o u n d a r y of the exotic system of 
N e p t u n i a n arches and rings is te rminated by Pro teus at 
a distance of 118 t housand km, followed by the eno rmous 
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Table 3. Characteristics of protosatellite disk models. 

Model Prograde and retrograde disk. Number of 
number 

Starting 
angle 

satellite 
orbits 

planetesimal 
trajectories 

orbit and track 
intersection points 

debris cloud 
trajectories 

components 

J U P I T E R 

11 + 23 
27 + 35 
27 + 44 

19 + 25 
19 + 25 

18 + 20 

23 + 29 
88 + 92 

789 + 306 

27 + 30 
497 + 139 

455 + 509 

363 + 1037 
4003 + 5569 

48815 + 25468 

1815 + 5185 = 
20015 + 27845 = 

439335 + 229219 = 

S A T U R N 

840 + 1200 
21874 + 6613 

4200 + 6000 = 
196866 + 59517 = 

7000 
47860 

668547 

10200 
256383 

N E P T U N E 

8548 + 11860 76932 + 106740 = 183672 

The total number: 1173662 

15f 

180J 

75f 
180J 

180J 

f Published in Ref. [131]. 
t Published in Ref. [140]. 

r e t rograde Tr i ton (with a rad ius of 1353 k m ) at a dis tance 
of only 355 k m from the planet . And , as if to place before 
cosmogonis ts the final ambigui ty , a small p r o g r a d e satellite, 
Nereid , is si tuated furthest (at 5.5 million km) from 
N e p t u n e . 

The compact and highly regular system of 15 satellites 
of U r a n u s is principal ly different from other satellite 
systems a r o u n d giant p lanets in having a vertical or ienta
t ion of the orbi ta l p lane ( U r a n u s and its entire satellite 
system lies 'on its side'). The direction of orbi ta l ro ta t ion for 
all U r a n u s satellites coincides with the intrinsic ro ta t ion of 
the planet itself. 

Such a d ramat i c difference between the satellite systems 
of the four giant p lanets , at the first glance, makes it 
meaningless to search for a general theory of the format ion 
of these systems. The const ruct ion of a mode l tha t describes 
the format ion of all the main g roups of satellites of Jupiter , 
Sa turn and N e p t u n e is so much the m o r e r emarkab le [131, 
140, 142]. 

Let us consider the following p rob lem: there exists 
a l ready a 'seeding' protosatel l i te disk a r o u n d a planet 
(asteroid) with p r o g r a d e ro ta t ion . The probabi l i ty of 
collision of a p lanetes imal with a part icle from the disk 
is determined by the optical thickness of the disk. The 
encounters change b o t h the surface density and the optical 
thickness, which changes the probabi l i ty of cap ture of 
planetesimals . In numer ica l calculat ions, this process is 
of an iterative character : after b o m b a r d m e n t of the disk 
and a change of density no t m o r e than 1 0 - 2 0 % of the 
initial one, the probabi l i ty of interact ion of the p lane t 
esimals with the disk part icles is calculated again and the 
cycle repeats . Such a p rob lem has been solved for Jupiter , 
Sa turn and N e p t u n e [131, 140, 142] in the following cases: 

1. Planet and a constant mass in a circular orbit . 
2. The initial p r o g r a d e disk is model led by a set of D-

orbits , and the re t rograde mot ion zones tha t appear by a set 
of R-orbits. 

3. After impact of a p lanetes imal with a satellite 
part icle, mo t ion of the centre of mass of debris (for 5 or 

9 ra t ios of the planetes imal and part icle masses from 0.1 to 
1000) is considered. 

Table 3 shows characterist ics of the calculated models . 
The results of calculat ions of the centre of mass mot ion of 
the debris are: 

1. Light and m o d e r a t e planetesimals with a mass of 0.1 
and 1 disk part icle mass are captured in the p rog rade 
satellite orbi ts . 

2. Heavy planetesimals (10 t imes as massive as the disk 
particles), by carrying away a pa r t of the debris (38% of all 
trajectories of the debris end up as heliocentric orbits) , are 
captured in the re t rograde orbi ts to a significant degree: 
2 5 % of trajectories for Sa turn in mode l 1, 15.4% of 
trajectories for Jupiter in mode l 2. M u c h less often such 
planetesimals are captured in the p r o g r a d e orbi ts : 7 . 1 % of 
trajectories for Sa tu rn -1 , 11.3% for Jupi ter-2. 

3. Super-heavy planetesimals (100 t imes as massive as 
the disk particle): r e t rograde captures in 3.6% of cases for 
Sa tu rn -1 , 5% for Jupi ter-2; p r o g r a d e captures in 0 . 1 % of 
cases for Saturn-1 and 0.5% for Jupi ter-2. A fraction of 
even heavier part icles with a mass of 1000 masses of the disk 
part icles t ransi ts in re t rograde orbi ts . 

A small po r t ion of captures for heavy ( 1 0 - 1 0 0 disk 
part icle masses) part icles can be decisive for the p r o t o 
satellite disk evolut ion, because of their significant mass . It 
is usual ly assumed tha t bodies with mass rat io of the order 
of uni ty are effectively captured in accretion models [126]. 

F o r each of the six models an ' a r ray of fates ' has been 
constructed for all c louds of debris, according to which a 
special code calculates the change of the surface density of 
protosatel l i te disks for different initial pa ramete r s . These 
results for Jupiter (model 3), Saturn (model 2) and N e p t u n e 
are shown in Figs 1 7 - 1 9 . The posi t ion of real g roups of 
p r o g r a d e and re t rograde satellites coincides strikingly with 
the density profile calculated in the f ramework of a ra ther 
simple model . C o m i n g from Jupi ter to Sa turn and N e p t u n e , 
only one significant pa ramete r of the mode l changes — the 
t ime of evolut ion, which can be easily connected with the 
k n o w n fact of slow growth of remote p lanets [126]. 
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Figure 17. Change in the surface density of the prograde protosatellite 
disk of Jupiter (model 3) as a function of radius R and time T (T — 0 
for curve 1, T — 0.5 million years for curve 2, T — 0.7 million years for 
curve 3; time step is 0.1 million years). The time scale is of illustrative 
character and depends on the accepted parameters of the medium of 
the disk and planetesimals. The negative density corresponds to the 
zone of retrograde motion (hatched). The filled circles mark Jovian 
satellites. The rapidly increasing inner density peak lies beyond the 
figure frame and corresponds to Galilean satellites. The Himalia group 
of prograde satellites is located close to the unique (in the outer disk 
zone) region of density increase. The Pasiphae group satellites revolve 
in retrograde direction. Two more simple models (Jupiter-1,2) give 
similar results. 

0.03 

Inner satellites 

Figure 18. Change in the surface density of the prograde protosatellite 
disk of Saturn (model 2) as a function of radius R and time T (T — 0 
for curve 1, T — 1.35 million years for curve 2, T — 2.25 million years 
for curve 3, T — 2.7 million years for curve 4; time step is 0.45 million 
years). The filled circles mark Saturnian satellites. The inner density 
peak corresponds to inner satellites and the massive Titan. The 
retrograde satellite Phoebe corresponds exactly to the zone of 
retrograde particle storage. 

Apparen t ly , the m o d e r n view is tha t the satellite systems of 
giant p lanets were formed at the very last phase of the 
p lane t ' s growth: between the te rmina t ion of intensive gas 
accretion and the u l t imate exhaust ion of the reservoir of 
ha rd planetesimals . In fact, the accretion mode l gradual ly 
excluded stochast ic theories of satellite cap ture from planet 
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Figure 19. Change in the surface density of the prograde protosatellite 
disk of Neptune (T — 0 for curve 1, T — 2 million years for curve 2, 
T — 3 million years for curve 3, T — 3.5 million years for curve 4; time 
step is 0.5 million years). The enormous retrograde satellite Triton is 
located inside the zone of retrograde particle storage. 

cosmogony. The next p rob lem is to expand the accretion 
theory to massive satellites of the Ea r th group planets and 
to asteroid satellites. 

5.5 Growth of satellites of the 'Earth group' of planets 
A complex, somet imes even dramat ic , interlacing of 
cosmogonic theories arose a r o u n d the M o o n . As yet, 
there are no numer ica l models describing satellite fo rma
t ion a r o u n d the E a r t h group planets , therefore let us 
est imate, based on qual i tat ive considerat ions , possible 
modif icat ions to the scenario of satellite format ion when 
moving from giant p lanets to p lanets of lower mass . 

The t ime scale of accretion format ion of a satellite from 
the disk by m u t u a l coalescence of the part icles is p r o p o r 
t ional to the revolut ion t ime of the satellite [121] and hence 
depends on the rat io of the satellite's orbi ta l rad ius to tha t 
of the planet . As is seen from Tables 2 and 4, asteroid 
satellites, as a rule, are located closer to the central b o d y 
than giant p lanet satellites and , hence, mus t g row faster. In 
te rms of satellite dis tance from the planet , E a r t h and Pluto 
fall within an a n o m a l o u s category of p lanets which are 
likely to have had s t rong t idal evolut ion, which moved the 
satellite from the planet to a significant distance. The t idal 
act ion might significantly change the orbit of m a n y massive 
asteroid satellites (see Section 5.7). 

The conclusion abou t rapid satellite g rowth a r o u n d 
small p lanets and asteroids is extremely impor tan t : a 
satellite tha t has formed before the protosatel l i te disk 
growth has s topped radically changes the entire accretion 
process . Before a large satellite is formed, the major pa r t of 
the planetes imal mat te r captured by the disk falls on to the 
planet . The rapidly growing satellite will consume a 
significant fraction of the disk mat te r . The m o r e massive 
the satellite, the m o r e actively it consumes the adjacent 
mass due to the increase in the capture cross section. In 
addi t ion, as pre l iminary numer ica l calculat ions for the 
P l u t o - C h a r o n system show (Gor ' kavy i 1993, u n p u b 
lished), a massive satellite destabilises outer satellite 
orbi ts up to significant distances and captures mat te r 
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Table 4. Tidal evolution efficiency for different satellite systems. 

Planet 's Relative mass Relative distance Time of orbital 
name of satellite to satellite change 

(in M p l ) (rntfpi) (in 109 years) 

2 Pallas 9 x 10" 4 4 0.4 
5 3 

9 Metis 0.06 14 340 
18 Melpomene 0.04 11 110 
49 Pales 0.05 6 3 
87 Sylvia 0.2 2 6 x 1 0 - 5 

146 Lucinia 8 x 10" 5 23 7 x 106 

171 Ophelia 0.04 7 10 
4 0.2 

243 Ida 1 x I O - 4 6 2 x 104 

423 Diotima 0.05 4 3 x I O - 2 

433 Eros 1 7 14 
532 Herculina 0.008 5 40 

1220 Crocus 0.3 5 9 

from them, thus expanding even m o r e its ' consuming ' zone 
(like an impat ient child who shakes the upper b ranches for 
apples). By consuming the disk mat te r , the satellite m a y 
t ake up angular m o m e n t u m as well — if it intercepts 
part icles near their orbi ta l pericentre, where the part icle 
velocity exceeds the satellite's orbi ta l velocity. This prevents 
the satellite from falling on to the planet . A p a r t from that , 
massive satellites of the E a r t h group planets m a y move 
away from the planet under the t idal act ion. Thus , in the 
case of the E a r t h - M o o n system we are dealing with a new 
type of satellite accretion format ion, namely, with accretion 
on to two bodies when the captured planetes imal mat te r is 
redis t r ibuted between the p lanet and the large satellite [121]. 

Owing to the two-body accretion mechanism, the 
relative masses of satellites of minor p lanets m a y signifi
cantly exceed the masses of satellites of the giant planets . 
This conclusion abou t the increase of the relative mass of 
the satellite with decreasing mass of the planet implies tha t 
the massive M o o n and C h a r o n are the rule, whereas M a r s 
and some asteroids are, in contras t , a n o m a l o u s systems 
with low-mass satellite systems due to Jupi te r ' s influence, 
hea t ing up the asteroid belt and ' b o m b a r d i n g ' M a r s with a 
large n u m b e r of planetesimals . N o t e tha t the Ea r th group 
planets (and asteroids as well) have most frequently a single 
satellite, which confirms the similarity of their satellite 
format ion mechanisms. 

5.6 Formation of asteroid satellites 
There are two pr incipal quest ions in asteroid satellite 
cosmogony: when were these satellites formed and h o w 
have they managed to survive? 

Apparen t ly , asteroid satellites were formed at a p r o t o -
stage pr ior to the heat ing up of the asteroid belt by Jupiter . 
In the very flat initial belt of minor p lanets b o t h 
protosatel l i te disks and satellites themselves m a y appear 
even a r o u n d 1 k m asteroids. At tha t stage the m u t u a l 
velocities of bodies in the asteroid belt were so small 
tha t asteroid satellite format ion proceeded by the t w o -
b o d y accretion scheme typical of the satellites of the Ea r th 
group planets . Therefore, format ion of a single satellite 
should be characterist ic of asteroids, bu t the presence of 
several satellites and even a r ing of small bodies is no t 
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excluded. A n enchant ing vision of myr iads of miniplanets 
with protosatel l i te disks, r ings and satellites cont ras ts 
sharply with the t rad i t iona l view of asteroids as a heap 
of bui lding garbage . 

A difficult quest ion to answer is: h o w have asteroid 
satellites survived unt i l now? The con t empora ry mean 
velocity of relative mot ion in the asteroid belt is abou t 
5 k m s - 1 , while the escape velocity from the surface of Ida 
is 30 m s _ 1 and from T o u t a t i s ' surface abou t a met re per 
second. Thus , every present encounter of Ida or Tou ta t i s 
(and their satellites) with another asteroid could result in 
the to ta l d isrupt ion of the body . As numer ica l calculat ions 
show (see e.g. Ref. [143]), dur ing m u t u a l impact of an 
asteroid with an impact ing b o d y a shock wave passes 
t h rough the asteroid and smashes rocks to pieces, and 
then the as teroid 's fragments, weakly b o u n d by gravi ta t ion, 
disperse. 

In the course of the asteroid belt hea t ing up because of 
Jupi te r ' s influence, the process of g rowth of the asteroids 
themselves and their satellites was s topped or slowed down 
sharply. Some asteroids lost their satellites under the act ion 
of m u t u a l gravi ta t ional pe r tu rba t ions and ca tas t rophic 
collisions; in the remainder , a significant erosion of b o t h 
the main b o d y and the satellite t ook place. One m a y expect 
m a n y asteroid satellites to have a significant eccentricity 
and inclination to the central b o d y equa tor because of 
s t rong impacts . Nevertheless , a substant ia l number of 
asteroids could avoid ca tas t rophic collisions and keep 
their satellites safe. Wi th account of the destructive 
factors, a realistic est imate for the current number of 
asteroids with satellites is abou t 10%. Probab ly , this 
percentage was significantly higher at earlier t imes: the 
fraction of bodies with satellites decreased no t only as a 
result of satellite destruct ion, bu t also because of the 
appearance of the secondary 'satelliteless' popu la t ion of 
asteroids tha t arose dur ing collisional destruct ion of the 
pr imary , m o r e ancient bodies . Thus , the presence of tha t 
satellite can indicate an earlier format ion t ime of the 
asteroid. It is no t excluded tha t with heat ing-up of the 
asteroid belt the relative mass of newly formed satellites 
gradual ly decreased unt i l the process of satellite format ion 
had s topped. 

Establ ishing a connect ion between the as teroid ' s spin 
per iod and the presence of a satellite would enable one to 
evaluate the initial n u m b e r of asteroids with satellites. The 
role of the protosatel l i te disk in the acquir ing of angular 
m o m e n t u m by the central b o d y can be very impor t an t [144], 
bu t this quest ion is poor ly studied as yet and is one of the 
most complicated p rob lems in cosmogony. It is possible 
tha t the direction of the spin axis of a planet and its angular 
m o m e n t u m are determined by the presence and or ienta t ion 
of the protosatel l i te disk which usually takes (for the main 
planets) one of two or ienta t ions : close to the ecliptic plane, 
as for the major i ty of planets , or perpendicular to the 
ecliptic, as for U r a n u s and P lu to . The or ienta t ion of 
asteroid spins m a y be m o r e chaot ic due to the small 
masses, the Hil l 's sphere sizes and subsequent collisions. 
It is not impossible, however , tha t the or ienta t ion of 
asteroid protosate l l i te disks is set up in the early stages 
of disk format ion and changes weakly dur ing the accretion. 
The p rob lem of the relat ionship between the satellite orbit 
and or ienta t ion of the asteroid spin axes is extremely 
interesting. If a cosmogonical connect ion exists between 
the central b o d y ro ta t ion and satellites, one can expect 
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asteroid satellites to revolve mainly in the p rog rade 
direction (with respect to the as teroid ' s spin). 

5.7 Evolution of asteroid satellites 
The main evolut ionary factors of satellite systems after 
their final format ion are: 
— tidal in teract ion with the planet ; 
— mass and angular m o m e n t u m change due to b o m b a r d 
ment by external bodies (meteorites); 
— b rak ing by solar rad ia t ion ( P o y n t i n g - R o b e r t s o n effect); 
— ae rodynamic b rak ing by the p l ane t ' s upper a tmosphere ; 
— resonant gravi ta t ional interinfluence of the satellites. 

If we consider evolut ion of a par t icular asteroid satellite 
which has no a tmosphere , only the first three evolut ionary 
mechanisms listed above should be studied. The lifetime of 
a satellite part icle determined by the P o y n t i n g - R o b e r t s o n 
effect is p ropo r t i ona l to the part icle rad ius and is abou t a 
billion years for a 3 cm main belt part icle. N o w consider the 
efficiency of the satellite mass and angular m o m e n t u m 
change caused by meteor i te b o m b a r d m e n t . N o t e tha t one of 
the most impor t an t differences between planet and asteroid 
satellites is the orbi ta l velocity. The former move with 
velocities of tens of ki lometres per second, whereas orbi ta l 
velocities of the asteroid satellites fall within a range from 
one to a hundred metres per second. This means tha t a 
satellite escapes from an asteroid much m o r e easily t h a n 
from a planet . Debr i s of impact can easily escape the sphere 
of the as teroid ' s a t t rac t ion, leading to a cons tant mass 
decrease for b o t h satellites and asteroids. However , even 
wi thout doing numer ica l calculat ions, one can conclude 
tha t this mechanism, the efficiency of which is p ropo r t i ona l 
to the surface area of the body , should no t destroy all the 
satellites formed, as the asteroids themselves have not yet 
d isappeared as a result of meteor i te erosion. 

A n impor t an t factor is the satellite's angular m o m e n t u m 
change dur ing its b o m b a r d m e n t by meteori tes . N o t e tha t 
under an isotropic b o m b a r d m e n t the satellite slows down 
and thus its orbit must constant ly decay. Encoun te r s with 
large bodies m a y either accelerate the satellite (or its debris) 
unt i l it escapes orbit or slow it down to touch the asteroid. 
The ra te of orbi ta l rad ius change due to t idal interact ion 
with the planet is [145, 146]: 

-1
 d r ^ \i/2 v • /o \ m * — ^<^-^-\ I k2 sin(2e) 

r1-
d ( = 2 ( 3 7 i G p ) 1 / ^ 2 s i n ( 2 e ) (4) 

where m s is the satellite's mass measured in te rms of the 
p lane t ' s mass , r is the satellite's orbi ta l rad ius measured in 
te rms of the p lane t ' s radius , s is the angle between the t idal 
h u m p and the direction to the satellite. F o r small angles 
sin(2e) = Q~l where Q is the qual i ty factor of a planet of 
density p . Love ' s number for a h o m o g e n e o u s sphere [145, 
146] is 

where fi is the rigidity of a planet of rad ius Rp\. The first 
te rm in the denomina to r can be neglected for asteroids. 
Table 4 presents pa rame te r s of the k n o w n asteroid satellite 
systems (systems taken from Table 1 for which b o t h the 
satellite's size and its orbi ta l rad ius are k n o w n ) together 
with characterist ic t imes of orbi ta l change calculated 
according to Eqns (4) and (5). F o r all bodies the following 
pa rame te r s were taken: \ i = 5 x 1 0 1 1 dyn c m - 2 , 
p = 3.5 g c m - 3 , Q = 1000 [145] (the value of Q is highly 

uncer ta in and we no te tha t the evolut ionary t ime is directly 
p ropo r t i ona l to Q). If the per iod of the satellite's revolut ion 
is greater than the as teroid ' s spin per iod (as is the case for 
the E a r t h - M o o n system), the t idal h u m p on the asteroid 
caused by the satellite ant ic ipates the satellite due to 
dissipative effects thus accelerating its revolut ion (in a 
frame rigidly ro ta t ing with the central body) and moving it 
to a higher al t i tude orbit . If the satellite revolves faster t h a n 
the planet itself (as in the case of M a r s - P h o b o s ) , it is 
slowed by the lagging t idal h u m p and falls on to the planet . 
The evolut ion of the satellites moving away gradual ly slows 
down, and the orbi ta l increase for such systems must 
na tura l ly be very slow at the present t ime — with a 
characterist ic t ime comparab le at least with the cosmo
gonical t ime scale. In contras t , the satellites which are 
b raked speed up their evolution, and if they have not so far 
fallen on to the planet , they m a y well do so dur ing a short 
t ime per iod (like Phobos ) . There should be no t idal orbi ta l 
evolut ion in the case of resonance — if the satelli te 's orbi ta l 
per iod is equal to the p l ane t ' s ro ta t iona l per iod (as in the 
case of P l u t o - C h a r o n ) . One m a y conclude from Table 4 
tha t the t ides play an impor t an t role in the evolut ion of 
asteroid satellites. N o t e tha t out of 12 satellite systems in 
Table 4 only Sylvia 's and D i o t i m a ' s exhibit a rapid t idal 
evolut ion. Accord ing to Section 4.3, the D io t ima system is 
synchronous , therefore the evolut ionary t ime obta ined for 
a given value of the lag angle (equal for all asteroids) 
between the t idal h u m p and the direction to the satellite 
does not relate to the D io t ima system. The t ime of 
revolut ion of Sylvia 's satellite differs by 2 % , according to 
Section 4.2, from the spin per iod of the asteroid itself. This, 
on the one hand , m a y imply synchronism; on the other 
hand , even if difference is real, the p lane t ' s ro ta t ion 
velocity relative to the satellite is so small tha t the deviat ion 
angle of the t idal h u m p mus t be very small (due to 
dependence of the dissipation function on the load 
frequency). This leads to a sharp slowing down of the 
t idal evolut ion of Sylvia 's satellite. The evolut ionary t ime 
for other satellites (which are apparen t ly slow and moving 
away) is long enough, as is demons t ra ted by their present 
stability. A large n u m b e r of contact asteroid systems can be 
explained by an effective t idal b r ak ing of a satellite which 
has formed close by and is rapidly revolving. 

6. Conclusions 
Prel iminary results show tha t up to 10% of asteroids m a y 
have satellites. Because of the difficulty of carrying out 
as t rophysical observat ions of the major i ty of asteroids, it is 
no t surprising tha t the n u m b e r of discovered double 
asteroids is small as yet. The da ta presented in the review 
should help for p repar ing specially aimed searches for 
double asteroids, t ak ing into account the indicators of 
binar i ty . U s e of the m e t h o d s of frequency analysis opens 
new oppor tuni t ies for s tudying the dynamic s t ructure of 
asteroids on the basis of widely spread pho tome t r i c 
observat ions . The existence of double p lanets (Ear th , 
P lu to) and b inary asteroids should be considered as a 
general rule. The presence of satellites a r o u n d minor 
p lanets should also be determined by mechanisms c o m m o n 
for all p lanets . Therefore, precise de terminat ion of the 
s t ructure and the physical na tu re of asteroids would shed 
new light on m a n y puzzles of the evolut ion of the large 
planets . The s tudy of asteroids is significant no t only for 
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our p lane ta ry system. The discovery of accretion disks 
a r o u n d m a n y stars has s t imulated interest in the cosmo
gonical p rob lems of other p lane ta ry systems, which cannot 
be solved wi thou t a correct theory of the format ion of the 
Solar System format ion. N o t e tha t young massive p lanets 
would disperse some of the asteroids thus causing a 
b o m b a r d m e n t of the inner p lanets and the central star 
itself. After s tudying the spectral variabil i ty of ft Pictoris (a 
un ique p h o t o g r a p h of the p ro top l ane t a ry disk a r o u n d this 
star was taken in 1984 [147]), it became clear tha t a similar 
a s t e r o i d - c o m e t a r y b o m b a r d m e n t takes place there with an 
intensity of 200 comets per year [148]. Studies of the details 
of this amaz ing process show tha t it is caused by two 
planets : an inner Jupiter- l ike one and an outer younger one 
similar to Sa turn [149, 150]. Astero ids thus are a key to 
unde r s t and ing the format ion processes of m a n y p lane ta ry 
systems. A l though Jupiter has significantly influenced the 
asteroid belt evolut ion, the existence of asteroid satellites is 
a direct consequence of and evidence for peculiarit ies at 
early stages of p lanetes imal evolut ion. If the hypothesis 
abou t the format ion of satellites a r o u n d small p lanets at 
the initial stage of p lanetes imal format ion is t rue, 
model l ing of the condi t ions under which satellites 
appeared would provide impor t an t informat ion abou t 
the characterist ics of the planetes imal disk before it was 
influenced by Jupiter . F u t u r e compara t ive analysis of 
satellite systems a r o u n d small and large asteroids located 
in different zones of the asteroid belt would give an idea 
abou t the ra te and character of the hea t ing up of the main 
belt. M o r e da ta on asteroids with complex s t ructure would 
lead to an impor t an t extension of the observa t ional basis 
for cosmogonical theories and should modify theories of 
satellite system format ion and possibly also theories of 
p lane ta ry format ion. 
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