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ABSTRACT
Aims. We present evidence that four minor planets of the main belt are binary systems.
Methods. These discoveries are based on CCD photometric measurements made by many observers coordinated in a network
of observatories.
Results. Orbital and physical properties are derived from a total of 134 partial light curves involving 26 stations. (854) Frostia,
(1089) Tama, (1313) Berna, and (4492) Debussy show mutual eclipses features on their light curves. In all cases, rotation and
revolution are synchronous. Synodic periods are 37.728, 16.444, 25.464 and 26.606 hours respectively. From a simple model, we
have derived their bulk densities as follows: 0.89±0.14, 2.52±0.30, 1.22±0.15 and 0.91±0.10 g cm −3 respectively. Uncertainties
in the bulk densities, arising from scattering and shadow effects are not taken into account. These could increase the density
estimates by a factor of 1.6. Our method of determining bulk density is completely independent of their mass and their
diameter estimates. The low rotational periods and the low bulk densities clearly imply a collisional process to explain this
kind of binary asteroid. Based on our database of a few thousand light curves of minor planets, the population of similar-sized
objects in the main belt is estimated to 6 ± 3 percent in the 10–50 km diameter class.
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1. Introduction
The first confirmed satellite of a minor planet was Dactyl
around (243) Ida, discovered in 1993 on Galileo spacecraft
images (Belton & Carlson 1993). Ten years later, about
fifty asteroids are suspected or confirmed to be multiple
bodies. These asteroids are very useful in determining the
physical and dynamical properties of small bodies, in particular the bulk density, which is important in understanding the collisional evolution of this kind of object.
Various techniques are used to detect satellites for minor planets: occultation of stars, light curves, direct imagSend
offprint
requests
to:
Raoul
Behrend,
Raoul.Behrend@Obs.UniGe.CH
?
Based on observations performed with the T1M and T60cm
at the Pic du Midi, TAROT at the Calern observatory, FaulkesNorth at Hawaii, T50cm at Brorfelde, and by many amateur
observatories coordinated by Geneva Observatory.

ing by spacecraft, radars or adaptive optic (see review by
Merline et al. 2002). Binary studies allows the derivation
of dimensions, shape, bulk densities, rotation and orbital
properties of the bodies. Asteroid densities are known for
only a few of them (see the review by Britt et al. 2002). We
distinguish two type of multiple systems. Those consisting
of comparable size bodies are designated as binary. The
others are designated as primaries with satellites. When
the orbital plane of a binary system is seen edge-on, mutual eclipses can be detected from light curves. That allows
to discover binary systems that cannot be found by other
methods. Based on binary system light curves anlysis, we
present a method to derive the bulk density independently
of size and mass determinations. From single opposition
measurements the accuracy of the bulk density determination is about 30 percent, but this can be easily improved
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as in the case of (90) Antiope (Michalowski et al. 2004)
by additional data from several oppositions.
This paper is devoted to the discovery of four binary systems from their light curves. Section 2 explains
the observational method and the data reduction. In the
Sect. 3.1 we determined the dimensions and the bulk densities. Finally, in Sect. 3.2, we estimate the proportion of
main belt minor planets that are expected to be binary
systems.

2. Observations and results
2.1. Observation strategy
The less expensive, but time consuming method for discovering new binary systems of minor planets is light curve
analysis. Nevertheless, the problem of observing time can
be solved if numerous people at various places share their
results. The main problem is the need for rapid analysis
of data taken with heterogeneous instruments, because it
is important to react rapidly when a light curve seems
to be abnormal. All data from various observatories were
collected by R. Behrend at Geneva Observatory. As soon
as a new set of data is received, the corresponding light
curve is updated. As the observers have neither the same
telescopes, nor the same CCD cameras, the main problem
is to merge data from different apparatus. This will be
discussed in the Sect. 2.4.
Mutual eclipse method is well adapted to detect binary systems, but for a photometry accuracy of 0.05 magnitude, the limit of the detectable radius ratio of the two
components is about 2.5 (3σ). In this paper, we designate
as binaries, systems where the ratio of the body sizes is
within 2.5.

2.2. Observations
The observations are based on series of CCD frames, taken
during several nights. Each series is centred on the same
field in order to derive differential magnitudes with the
best possible accuracy. As no absolute magnitude calibration is needed by this method, images are usually not
taken through filters. This allows the use of relatively
small diameter telescopes.
We measured a typical magnitude dispersion less than
0.07 magnitudes for stars brighter than R = 16th magnitude obtained with a D = 21.2 cm telescope. We consider
that the small aperture telescopes (D ∼ 20 cm) are well
adapted to obtain 0.05 mag. dispersion for minor planets
brightest than R = 14.
Most of the telescope diameters used by the observers,
for the asteroids involved in this paper, lie between 21 cm
and 60 cm. We must emphasise that the discoveries were
made with these small telescopes. We added some data
from 1 m to 2 m telescopes. The time samplings are typically of the order of one minute.

2.3. Images processing
Usually, each observer processes raw images using bias,
dark and flat frames. Then an algorithm of flux measurement is used to extract the flux of the asteroid and
some comparison stars in the field. Fluxes are measured
for each image. Uncertainty is evaluated with the help
of a test star, or computed during measurement. Various
photometric softwares were used (Prism, AudeLA, Photo,
etc.) and algorithms of flux extraction are mostly based
on profile fitting. At the end of the processes, the data is
written in a formatted text file and send to the Geneva
Observatory.

2.4. Merging light curves
The method of merging data to a single light curve is
described in Behrend (2001). The goal is to fit data with
the harmonic. Equ. 1 bellow:

m(t) = c1 +

J
P

j=1



aj cos 2πj t−E
+ bj sin 2πj t−E
T
T

(1)

Here J is the order of the highest harmonic. E is the
0-phase epoch, t is the date – both corrected for asteroid
to observer light travel time – and T the synodic period.
T is found by scanning trial values and minimizing the
quadratic residue. The J order is chosen so as not to introduce artefacts. Before the Fourier analysis is done, distances and phase effects are removed by subtracting from
each observation the V-magnitude given by the ephemeris.
Colour indexes are not taken into account at this stage.
The main problem to merge data is that the constant
c1 is not necessarily the same from a set to another one.
This is due to the various cameras, telescopes and reference stars used. This problem is solved by the determination of ck for each data set to be merged. This is equivalent
to an offset of all magnitudes in each set to give the data
the same mean value.
At the end of the process, data are plotted against
orbital phase, as shown in Figs. 1 and 3.

2.5. Results
About 450 asteroids were measured since Jan. 2000 by observers collaborating with Geneva Observatory. Amongst
them, from dec. 2003 to jul. 2004, four minor planets
were found to exhibit eclipse features and were announced
in IAU circulars: (1089) Tama (Behrend, Roy, Rinner
et al., 2004a), (1313) Berna (Behrend, Roy, Sposetti et
al., 2004b), (4492) Debussy (Behrend, Roy, Sposetti et
al., 2004c) and (954) Frostia (Behrend, Bernasconi, Klotz
et al., 2004d). How we discovered the particular status
of Tama and Berna is explained in Behrend, Roy and
Sposetti (2004e).
About ten other asteroids exhibit non–usual features
in their light curve, but complementary observations are
required to identify their binarity.
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Fig. 1. Phased light curves for all observations for three of the four minor planets of this study - see Fig. 3 for the last one.
E is the epoch in UTC ”onboard” the asteroid corresponding to the origin of the phase plot. T is the adopted synodic period
for folding the observations. The horizontal axis represents the time of the observations, corrected for light travel, since E, in
units of T , modulo 1; the leftmost quarter is repeated at right. The vertical axis represents the magnitude, usually unfiltered,
based on the R-band of the USNO-A2.0 star catalogue (Monet, 1998), from which the V-magnitude from the ephemeris is
subtracted - used photometric parameters are tabulated in Tab. 1. One can easily notice some changes in the profile of the
mutual phenomenons during the months following the discoveries, due to the evolution of the Sun–Asteroid–Earth configuration.

We would like to emphasize that a helpful method to
identify binarity is to use the polar plot of the flux. In the
traditional phase-magnitude diagram, a binary synchronised system is characterized by a relatively small bend.
However, a plot of flux in polar coordinates, like Fig. 4,
reveals two opposed V-shapes which provides a strong signature for binarity.

3.1. Size, orbit and densities

3. Analysis

For a first approach, as the amplitude of eclipses does not
show any large parity changes nor any plateau at minimum, the two components are believed to be about the
same size. An other index that supports to this conclusion
is the depth value of the eclipses. A total eclipse, at phase
angle 0, of two bodies of same size and same albedo should
give a depth ∆e = 2.5 log10 2 = 0.75 magnitude. The four
asteroids exhibit eclipses higher than 0.5 mag. which gives
a ratio for equivalent radius 1.6 at the most.

The four minor planets of the title of this paper show
some common features in their light curves (Fig. 2): i) the
rotational light curve has a continuous quasi sinusoidal
variation due to the non spherical shape of the bodies, ii)
the eclipsing light curve seen as a pronounced V–shape
feature due to mutual eclipses. These kinds of light curves
are well known in the eclipsing variable stars (see Kopal
1990).

We build a theoretical model to extract orbital and
physical parameters for the bodies from photometric properties during eclipses. Hypothesises are: i) the two bodies are prolate ellipsoids of same size with greatest radius
pointing toward each other (ra > rb ). ii) the orbit is circular and orbital period is locked to the rotational period,
iii) the densities are the same for the two bodies. See Fig. 5
for a schematic description.
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Table 2. Measured parameters of the four asteroids of this study. l and b are respectively the ecliptic heliocentic longitude
and latitude. T represents the synodic period. ∆m denotes the rotational amplitude. The eclipsing amplitude and duration are
respectively designed by ∆e and ∆φ.
(854)
Frostia
First date
Last date

l (◦ )
b (◦ )
T (hours)
∆m (mag)
∆e (mag)
∆φ (phase)

Total of series

2003-12-26
2004-05-21
100 – 151
1.8 – 3.7
16.444
±0.001
0.41
±0.01
0.55
±0.03
0.115
±0.005
36

(1313)
Berna

2005-07-01
2005-08-11
255 – 265
-0.2 – -0.9
16.445
±0.005
0.28
0.02
0.15
± 0.05

12

eclipsing lightcurve

0

2004-02-06
2004-03-10
117 – 125
0.4 – -1.4
25.464
±0.001
0.28
±0.02
0.75
±0.05
0.115
±0.01
27

(4492)
Debussy
2002-10-30
2002-12-04
35 – 46
5.7 – 6.7

0.39
±0.01
0.65
±0.03
0.115
±0.005
6

0.75
0

H
G
Group
Kozai family
Taxonomic class
Albedo

total lightcurve

0.95
0

0.25

0.5
phase

0.75

2005-04-30
2005-04-30
230
-6.9

> 0.3
> 0.5
∼ 0.12
1

(854)
Frostia

(1089)
Tama

(1313)
Berna

(4492)
Debussy

12.1
0.15
MB I
9
n.d.
n.d.

11.6
0.15
Flora
1 (Flora)
S
0.244
±0.026

11.8
0.15
MB II
27 (Io)
n.d.
n.d.

12.9
0.15
MB IIb
n.d.
n.d.
n.d.

1

Fig. 2. This plots show the theoretical light curve of a binary system consisting of two equal sized prolate bodies
(10x7x7 km) separated by 50 km. The orbit is circular and
seen edge–on. Top: the rotational light curve is the component
due to the rotation of the prolate bodies, characterized by the
amplitude ∆m. Middle: the eclipsing light curve is flat outside
eclipses and exhibits V-shape features with an amplitude of
∆e (0.75 magnitude in case of total eclipses) and an eclipse
duration ∆φ. Bottom: the total light curve is the combination
of the rotational and eclipsing light curves.

From ∆m, we derived the rb /ra axis ratio for prolate
ellipsoids. We used the method described in Kaasalainen
& Torppa (2001) to compute the relation that links the
rb /ra ratio to ∆m. In the case of the generally accepted
Lommel-Seeliger scattering law, it gives:
rb /ra = 10−0.4 ∆m

2004-03-18
2004-05-18
164 – 175
0.8 – -0.7
26.606
±0.001
0.48
±0.01
0.65
±0.03
0.12
±0.01
18

Table 1. Bibliographic parameters of the four asteroids of
this study. MB means Main Belt. H and G magnitudes parameters are taken from the Minor Planet Center database,
2004. Group, family, albedo and taxonomic class are taken in
Bendjoya et al. (2002) and references therein. Cells with n.d.
means no data.

rotational lightcurve

−0.2
0
0.2
relative magnitude

2004-07-16
2004-10-21
303 – 337
5.6 – 3.3
37.728
±0.001
0.37
±0.01
0.80
±0.03
0.095
±0.005
34

(1089)
Tama

(2)

Harris & Lagerros (2002) give the formula to convert the
H absolute magnitude to the diameter of a spherical body.
We scaled their formula to give the equivalent radius req
for each body:
req =

Ho 10−0.2 H
√
8p

(3)

where Ho = 1329 km, p is the geometric albedo. Then, ra
and rb can be computed:
p
ra = req pra /rb
(4)
rb = req rb /ra
Geometrical considerations allow to link the semimajor axis a to ∆φ, the relative duration of one eclipse
expressed in angular form:
rb
(5)
a=
sin (∆φ/2)
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Fig. 4. Polar plot of the intrinsic variations of the flux (linear
scale) of the asteroid Berna during one rotation of the system – radial coordinate. The angular coordinate is the phase
t−E
. The ellipsoid is the computed light curve from the obT
servations out of the eclipses. The occultation feature shows
strongly compared with a traditional light curve.

Fig. 5. Geometry and symbol definitions used in the model
described in Sect. 3.1.

The density ρ is:
Fig. 3. Phased light curves for (4492) Debussy. See explanations in Fig 1.

ρ=

4
3

M
π ra rb 2

(7)

In the case of a Lommel-Seeliger scattering law, the density can be rewritten using only measured parameters:
Then the mass M of a body (considered as point-like, for
simplicity) can be expressed via the third Kepler law:
M=

16 π 2 a3
GT2

(6)

where G is the gravitation constant and T the sideral revolution period. We took sideral periods equal to synodic
ones because differences are not important for this study.

ρ=

12 π 1 10−0.4 ∆m
G T 2 sin3 (∆φ/2)

(8)

Uncertainties in ρ come essentially from the
sin3 (∆φ/2) term. It is hard to identify breaks of eclipses
in the light curves with a very good accuracy. Typically,
an error of ±0.005 for ∆φ'0.1 leads to an uncertainty
of about ±30 % on the density. Moreover, when eclipses
are not total, ∆φ is underestimated. Nevertheless, in the
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worst case (Tama, ∆e = 0.55) the ρ value must be multiplied by factor 0.96. In conclusion, the non-total eclipses
have only weak influence on the density determination.
An extra uncertainty comes from the scattering law.
We used the ideal Lommel-Seeliger law as discussed above.
In the case of pure Lambertian scattering law, the ρ values
must be multiplied by factor 100.15 ∆m . As values of ∆m
lie in the range 0.28–0.37, it implies that ρ must be multiplied by a factor from 1.10 to 1.18 to give upper limits
on the density. It must be noticed that models generally
fit observations by pure Lommel-Seeliger or a mix with
Lambert but never a pure Lambert law.
Another uncertainty comes from the shadow projected
by one body onto of the other. Outside the opposition
date, this effect can be important. Leading or trailing
shadows lead to over–estimates of the ∆φ value. An over–
estimation of ∆φ ' 0.1 by 20 % leads to an increase in ρ
by a factor of 1.6. The shadow effect can be included in
models when the pole axis direction is known. This is not
the case for the measurements presented in this paper.
We computed quantitatively the tidal effects on the
prolateness of the bodies using the formula for tidal distortion of a liquid sphere under the action of a distant
point mass (Danby 1992):
1−

rb
45 M
==
ra
16 π a3 ρ

(9)

Table 3 summarizes the computed values taking account of the uncertainties except for those concerning the
scattering law and shadow effects. The albedos were taken
to be p = 0.15±0.10 when they are not known and H with
an uncertainties of ±0.05. Note that ρ is independent of
both the albedo and the H values. On the contrary, the
uncertainty on albedo is preponderant for the determination of the sizes and even more for the masses. Only
(1089) Tama has a size derived from IRAS measurements,
so a good estimation of its albedo, therefore of its mass
and its size.
The a/ra ratio is near the Roche limit. As a consequence of tidal effects, the ratio rb /ra is correlated to 1-
values. We conclude that tidal effects are the main processes that explain the ”prolateness” of the bodies.
(854) Frostia and (4492) Debussy have the lightest
densities in this study, possibly lower than that of the
water ice. (1313) Berna is just denser than water ice. We
consider the lightest one, (854) Frostia, with a mean bulk
density of 0.9. This is comparable with the C Type asteroid (90) Antiope with a bulk density of 1.3 (Michalowski
et al. 2004). If it is a C type asteroid, the bulk density of
its matter could be 1.65 like the CI Orgueil meteorite. So
a bulk density of 0.9 can be reached with a macroporosity
of 45 percents. This is one of the highest value but still
compatible with a model of rubble pile loosely consolidated (Britt et al. 2002). (1089) Tama is a S type asteroid
(Bendjoya et al. 2002), its measured bulk density of 2.5 is
comparable to those of (243) Ida with a macroporosity of
20 percents.

These considerations raise the question of the origin
of the binaries. Is (1089) Tama the result of a capture
mechanism, and are the three others the fruit of a collision mechanism? The energy in such a process has to
be enough to totally disrupt the parent bodies, but not
too high to prevent reformation of the bodies from the
mixture of rubble. That could explain the similarities in
the sizes, separations and orbital periods in (854) Frostia,
(1313) Berna and (4492) Debussy. Spectroscopic observations of both bodies during total eclipses would allow to
determination the the taxonomic class of each component;
we believe that bodies of different classes are possible only
in a capture process. Thus we predict that spectroscopy
will confirm that each component of the binary has the
same spectroscopic class.
We have not enough data to constrain a more complex model. Light curves obtained at the next oppositions
should allow us to include different radius for each component and the inclination of orbital planes. An interesting
effect can be seen on the first eclipse of the (1089) Tama
light curve (Figs. 1 and 3). Measurements, obtained when
phase angle came larger, exhibit some changes indicating a shadow effect of the forward component onto the
backward one. Such phenomenon are expected to greatly
constrain the orbital model. (1089) Tama was observed
on 1998-04-04 by Sárneczky, Szabó & Kiss (1999). Their
light curve, covering about a quarter of the period, including the minimum of brightness, did not show any sign
of eclipse in the 0.03 mag variation. The orbital plane of
the components of (1089) Tama are therefore probably far
from the ecliptic. The opposite situation is present with
(4492) Debussy, for which three successive oppositions are
marked by strong eclipses. Such phenomenon are probably present during the whole revolution around the Sun.
For (1313) Berna and (854) Frostia, we are not aware of
other light curves.
Follow-up of these binary asteroids during the next
apparitions is necessary to determine a reliable model for
each asteroid, including orbital and geometrical quantities, the density and some photometric parameters about
the surfaces, by fitting such a model to the observations.

3.2. About the binary population
3.2.1. Description of the sample
Amongst the 4.5 · 102 observed asteroids in our database,
about 10 of them were observed knowing that they were
binary (for example (69230) Hermes (Margot et al., 2003),
(90) Antiope (Michalowski et al., 2004), whilst others were
observed without detecting that they are in fact a minor
planet plus one satellite (for example (130) Elektra, (45)
Eugenia, (22) Kalliope). About 40 other minor planets
cannot be included in the binarity detection because they
were not observed for long enough to cover at least 2/3
of the phased light curve (at least, half the light curve
is required to unambiguously detect an eclipse event in a
synchronised system). This leaves about 4.0 · 102 asteroids
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Table 3. Computed parameters of the four asteroids. The two bodies are considered as prolate ellipsoids of same size with
greatest radius pointing toward each other. Their orbits are assumed to be circular and orbital period is synchronized to the
rotational period. Uncertainties does not include the shadow effects which can increase the semi-major axis, mass and density
values.

ra (km)
rb (km)
a (km)
M (1013 kg)
ρ (g cm−3 )
rb /ra
a/ra
a/rb
1-

(854)
Frostia

(1089)
Tama

(1313)
Berna

(4492)
Debussy

4.08 – 9.65
2.95 – 6.99
9.57 – 25.0
11 – 201
0.75 – 1.02
0.724
2.34 – 2.59
3.23 – 3.59
0.84–0.89

5.08 – 5.99
3.48 – 4.11
9.47 – 12.2
57 – 121
2.23 – 2.82
0.685
1.86 – 2.03
2.71 – 2.95
0.72–0.79

4.48 – 10.7
3.54 – 8.39
9.63 – 24.8
25 – 426
1.07 – 1.36
0.790
2.14 – 2.33
2.71 – 2.96
0.76–0.82

2.99 – 7.09
1.92 – 4.56
5.23 – 13.5
3.7 – 63
0.80 – 1.01
0.643
1.74 – 1.90
2.71 – 2.96
0.71–0.77

statistic. We have not used data from other data bases
because statistic interpretation is difficult due to different
selection biases.

3.2.2. The model

Fig. 6. The completed distribution of the 4.5 · 102 asteroids
in our survey, as a function of their H absolute magnitude
parameter. For most objects of this survey, 9 < H < 15 roughly
corresponding to diameters from 10 to 50 km. A few near Earth
objects with H > 17 and some big main belt asteroids with
H < 7 are also present.

to perform a statistical study. The selection criteria of
these minor planets is only biased by the magnitude that
can be reached using small telescopes. Fig. 6 displays the
histogram of the corresponding H magnitudes. Our study
concerns radius lying between 10 and 50 km. It must be
added that less than 5 % of the sample was observed at
two oppositions.
Only four asteroids of this study were recognized as
binaries by their eclipse behaviours. Some others are suspected to be also binaries, but as they do not reach the
detection criteria, we did not count them in the present

Knowing that only four targets of the 4.0 · 102 asteroid
sample were detected as binaries, what is the proportion
of these asteroids? As all the binaries of this study were
found near opposition, one can derive some simple calculations to estimate the proportion of synchronized binary
asteroids among the other ones.
An eclipse can be detected if the latitude of the
Sun/Earth, in the sky of the asteroid, is in absolute value
below a certain value, ζ. This value depends on the observer’s ability to distinguish a mutual event from features
commonly found in light curves of small, non-spherical asteroids. We computed theoretical eclipse profiles for equal
sized binaries, and estimated that a 0.3 mag depth is the
practical limit of detection, not due to its depth, but due
to its shape. This corresponds approximately to an eclipse
in which the centre of one body grazes the other body.
For an inclination i of the plane of rotation of a binary
system, the relative part of a circular orbit around the
Sun for which the eclipses are detectable, according to
the previous criteria, at opposition, near phase angle 0, is
given by the following function:
τ (i, ζ) =

ϕ(i, ζ)
.
π/2

(10)

ϕ(i, ζ) is the ecliptic longitude, from the line of nodes, of
the end of the arc in which the eclipses are detectable. The
corresponding formulation for this angle is:

π/2
if i ≤ ζ
.
(11)
ϕ(i, ζ) =
ζ
else
arcsin sin
sin i
Assuming that the spin axis of the binary systems
are homogeneously distributed on the celestial sphere, the

8

Behrend et al.: Four new binary Minor Planets

proportion of binary systems which can be detected among
their reservoir, at a given opposition, is estimated by
R π/2
Z π/2
τ (i, ζ) sin i di
p(ζ) = 0 R π/2
=
τ (i, ζ) sin i di.
(12)
0
sin
i
di
0

Equation 12 does not include any factors depending on
the time interval between the first and last night of observation. This is motivated by the fact that during the
1–2 weeks interval typically used for main belt asteroids
at opposition, the changes in the geometric configuration
are small in comparison with ζ. This is not the case for
near Earth objects for which a more complete formula is
required. If we admit the validity of the detection criteria
rb
∼ 16 , we can compute
given above, and a mean value 2a
p(ζ =

1
) ∼ 0.17.
6

(13)

This means that only 17 % of the binary asteroids that
have a ratio rb /(2a) ∼ 1/6 can be detected at a given
opposition. As four asteroids were recognized as binary,
about 4/0.17 ' 24 of the total (4.0 · 102 ) should be of the
same type. Taking account of the uncertainties, the proportion of binary systems in the main belt is thus probably
around 6 ± 3 percents.
Now a question rises: why have we found so much
binary asteroids in our survey, since thousands of light
curves have been observed in the past? In the past, observers measured several objects in the night with a photometer, so the time sample was generally large and an
eclipse due to an occultation could be missed or simply
sampled by 1 or 2 points and then considered as bad data.
For our survey, we used small size telescopes. To get good
data we observed the same object all the night, so occultation features could not be missed or miss interpreted.

4. Conclusion
We have presented four new binary systems that are composed, as a first approximation, by twin prolate ellipsoidal
components (rb /ra ∼0.7). Orbital motion is close to circular and the semi major axis is 1.7 to 2.6 times ra .
All of these systems have synchronized orbital and rotation periods, well larger than the mean rotational periods (8h) of the main belt asteroids. This remark is an important criterion to find other binary systems from light
curves. We show that the polar projection of the light
curve allows easy identification of new binary systems with
a good confidence level.
Only (1089) Tama of the Flora family has a density of
stony bodies (2.5 g cm−3 ). The three other asteroids have
densities lower than 1.4 g cm−3 , probably even lower than
1 g cm−3 for (854) Frostia and (4492) Debussy. The two
last asteroids are presently amongst the lowest bulk density bodies known in the main belt. This density can be interpreted by a material with an high microporosity (35 %)
similar to CI Meteorites and a macroporosity of 45 %. This
macroporosity is very high. It can only be interpreted by

a rubble pile without cohesion forces other than gravity.
But water ice in the interior of the asteroid is still possible.
Moreover this ice can be a glue for the asteroid.
From the large number of asteroids studied, more than
4 · 102 , we used statistical criterion to estimate that twin
asteroids could represent 6 ± 3 % of the total number of
minor planets in the main belt with radius of about 10 km.
The probability for photometric discovery of such a binary
asteroid is, at a given opposition, of the order of 17 %.
This probability is for binary asteroids with components
of about the same size. It is clear that the total probability
of multiple asteroids is much greater. This problem could
be investigated by numerical models of collisions.
Systematic spectroscopic observations of binary asteroids during total eclipses is certainly a good way for a
better understanding of the origins of these asteroids. We
predict that in case of collisional origin, the two components of each will be found to have the similar spectral
class.
It will be now important to perform a follow-up of the
four minor planets presented here at the next oppositions
and also when phase angle is large in order to analyze the
shadow effects on the light curves and to determine albedo
independently. This last point should help to invert light
curves more efficiently, bringing a significant gain in the
determination of their bulk densities.
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