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Abstract
Probability distributions of several asteroid parameters were obtained by using a

Maximum Entropy Method combined with a form of the Simulated Annealing heuristic
search algorithm. The parameters of interest were asteroid effective diameter, mass,
density, albedo, magnitude and colour indices. The obtained distributions reflect the
main asteroid classes in order of occurrence. Moreover, the complex composition and
the nature of asteroid surfaces become apparent.
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1 Introduction

Asteroids are Solar System bodies much smaller than planets which typically orbit
the Sun between the orbits of planets Mars and Jupiter. They have formed at the same
time as planets, but because of gravitational perturbations induced by Jupiter they failed
to accrete in a planet. Nevertheless, they occupy a position that was predicted by the
empirical Titius-Bode law which works for planets. The biggest asteroids are Ceres (952
km diameter), Pallas (544 km) and Vesta (529 km). The majority of asteroids are far
smaller. There is a corresponding size and mass distribution of asteroids.

Most asteroids have a mixed composition of silicates, metals and organic substances
(class C asteroids); there are also asteroids composed mostly of silicates (class S) and a
smaller fraction whose composition is dominated by metals, mostly an iron-nickel alloy
(class M). Other asteroid classes have been described, but they are less prevalent. The
composition of asteroid surfaces determines their electromagnetic reflectivity (albedo) at
different wavelengths and their magnitude in visible light. Their composition also deter-
mines the mass density.

The statistical distributions of some asteroid parameters have been determined. The
raw values were retrieved from NASA’s Planetary Data System [10]. The parameters of
interest were effective diameter, mass, density, albedo and colour indices. In order to
determine their distribution a Maximum Entropy Method was used in combination with
a form of the Simulated Annealing heuristic search algorithm, as described below.
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2 Computational procedure

Generally, each parameter X presented as a set of N raw data Xi, i = 1, N , spanning
an interval Xi ∈ [Xmin, Xmax]. There is an underlying probability density function ρ(x)
of parameter X which is assumed continuous and is to be determined. For this, two
sets of equidistant points were generated in the interval of X: xj , j = 1, Np with norm
δ = xj − xj−1 and ck, k = 1, Nc with norm γ = cj − cj−1 respectively. A discrete
distribution of probabilities pj was assigned to intervals [xj − δ/2;xj + δ/2), j = 1, Np.
Once probabilities pj are determined, the probability density function can be approximated
as ρ(xj) ≈ pj/δ.

In order to determine probabilities pj the Maximum Entropy Method [6, 17] was used.
A cost function was built with two types of statistical measures. First, the Shannon
entropy was used:

H = −
Np∑
j=1

pj ln pj . (1)

Second, a set of conditions were built with the Gauss ”bell” function centered at points
ck:

fk(x) = exp
(
−(x− ck)2

2σ2

)
, k = 1, Nc. (2)

The average of each function was computed in two forms: an empirical average

< fk >emp=
1
N

N∑
i=1

fk(Xi) (3)

and a simulated average

< fk >sim=
1
Np

Np∑
j=1

pjfk(xj). (4)

The distribution of X must obey the conditions < fk >emp=< fk >sim, k = 1, Nc. Since
the equality is generally not obeyed, a supplementary condition is imposed: H = max .
The conditions are summed up in the cost function:

EH =
Nc∑
k=1

(< fk >emp − < fk >sim)2 − kH ·H, (5)

where kH is a constant. Thus, the above conditions become EH = min . and the distribu-
tion determination becomes an optimisation problem. In order to solve it, the Simulated
Annealing algorithm [5, 7] was used with a temperature parameter T = 0.

The conditions used are inspired by the Kernel Density Estimation method [12, 13,
18]. They offer a quasi-local description of the probability density function and, as a
consequence, suffer from the main problem of all local estimation methods (e.g. histogram
estimation): the quality of estimation is directly proportional to the number of raw data
used in the local estimation for each point. Too few raw data induce errors in the empirical
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conditions, which the method cannot overcome. Nevertheless, the method’s nonlocality
can be controlled by parameter σ. Higher values of σ reduce the sample error, but instead
make the numerical computation of ρ more time-demanding.

In order to check the goodness of fit, a relative error was computed on the conditions:

εk =
| < fk >emp − < fk >sim |

< fk >emp
, k = 1, Nc. (6)

It can be seen that this is a function of position: εk = ε(xk). This is very convenient, as
it allows the estimation of the quality of the distribution at each point in the interval of
X. Generally, it is good to have a small relative error, typically ε < 0.01. Nevertheless,
higher values of ε are acceptable on portions where ρ(x) is small relative to a maximum
value. This is because very small values of ρ correspond to a very small number of raw
values in the respective area, usually lowering the quality of ρ. Thus a determination
of the distribution up to a multiplicative factor of the order of several units when the
distribution is extremely small is not usually significant. In practice, high values of ε are
still smaller than 1.

In all cases we used Np = 1 000 interval points and Nc = 101 conditions; also,
σ = (Xmin −Xmax) /30, which was found good enough in tests carried on some known
distributions. The parameter kH was used to control the smoothness of the obtained
distribution. Generally, it was set at some successively decreasing values kH = 10−2,
kH = 10−4, kH = 10−6. The number N of raw values was different for each parameter X.
The obtained results are presented below. Also, the number N of raw values used in each
case is given in the figures.

3 Asteroid size and mass

The effective diameter for several asteroids was previously obtained from their infrared
magnitude measured from space during the IRAS mission [14]. These values were used
to compute a MEM approximation for the diameter distribution. It was shown to have
a peak at D ≈ 25 km below which the distribution becomes uncertain, as shown by the
relative error. This may be a consequence of the fact that the instruments were unable to
detect well asteroids with smaller diameter. Above the peak there is a smooth decrease
which can be approximated for D > 40 km with an exponential function of the form:

ρ(D) ≈ 1
39 km

exp
(
− D

41.4 km

)
. (7)

From peak to 40 km the distribution decreases with D faster than this exponential. The
distribution of mass computed with data from [1] is supported on two power law functions
(two lines in log-log representation). The jumps of the distribution between the two power
laws are abrupt. Most of the asteroids have low mass.

The distribution of the asteroid density computed with values from [1] has some peaks
at ≈ 1.3, 2.1, 2.7, 3.4 g/cm3 and also at ≈ 5.6 and 7 g/cm3, characterising different
asteroid classes. The mass and density distributions are not well determined because of
the small number of values used.
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Figure 1: Distributions and associated relative errors of conditions for (a) asteroid diameter
(N = 2 228 measurements used), (b) mass (N = 144) and (c) mass density (N = 144).

4 Asteroid albedo

The albedo of asteroids was measured with a few methods: polarised visible light (data
collected from surface telescopes) [3, 8], reflected infrared radiation (data collected during
the IRAS space mission) [14] and with the help of radar (microwave radiation, range from
2.38 GHz to 8.57 GHz - surface radars were used) [3, 11]. Different albedo values have been
obtained for the same asteroid because radiation is absorbed and reflected as a function
of frequency. Albedo data give indications about the nature and composition of asteroid
surfaces. Especially significant are data obtained in the microwave spectrum, where metals
are particularly reflective. Thus, the microwave albedo can be considered as a measure
of the metal composition near the asteroid surface. From an economical point of view,
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metal - rich asteroids are important for future space exploitation. Beside iron and nickel,
they also contain heavy metals, many of them being scarce on Earth. Polarised - light

Figure 2: Distributions and relative errors of conditions for asteroid albedos in (a) po-
larised visible light (N = 127), (b) reflected infrared (N = 2 003) and (c) microwave
radiation(N = 47).

albedos have two distribution maxima at A ≈ 0.07, corresponding to class C asteroids
and respectively A ≈ 0.18, probably corresponding to class S asteroids. The infrared
albedos distribution has a maximum at A ≈ 0.05, followed by an exponential decrease.
This maximum is probably characteristic to class C asteroids, showing that they form a
majority among all asteroids.

The radar albedo distribution is quite complex, with maxima at A ≈ 0.08, 0.12, 0.22,
0.32 and 0.58. These may show different metal composition for different asteroid classes.
The number of data used here was small, thus the determined distribution is not very
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precise. The first maxima accept a smooth concave envelope with a maximum at A ≈ 0.12.
It may be that, with more data, the distribution reduces to this envelope.

5 Asteroid magnitude and colour indices

Astronomical magnitudes represent a measure of the light flux coming from a body.
They are measured on a logarithmic scale, with lower magnitudes representing higher
observed flux. The magnitude of asteroids is usually reduced to an absolute magnitude
computed for Sun - asteroid and observer - asteroid distances of 1 AU. The standard
magnitude used MV is measured in the visible spectrum around 550 nm wavelength. Other
magnitudes are measured at different wavelengths. They are normally computed relative
to a given wavelength magnitude as the difference from that magnitude, yielding colour
indices. The most used are indices U-B (difference between magnitudes in ultraviolet and
blue spectra) and B-V (blue - green colour index). Colour indices characterise asteroid
surface absorbance at different wavelengths and thus the surface nature and composition.

The obtained distribution for asteroid magnitudes with data from [16] is smooth, with
a maximum at M ≈ 15. The existence of a maximum is a consequence of the instruments’
inability to detect faint asteroids. The ascending portion of the distribution can be ap-
proximated with an exponential law. Since magnitude is inversely proportional to asteroid
size, it follows that asteroid diameters are distributed exponentially up to a limit.

The colour index distributions obtained with data from [15] have different shapes. The
U-B distribution has an almost constant portion with a few peaks between 0.25 and 0.5,
while the B-V distribution has two sharp peaks. The asteroid reflectance is higher at
higher wavelengths. It follows that asteroid surfaces absorb light preferentially at smaller
wavelengths (blue - ultraviolet spectrum). The absorbance is a complicated function of
wavelength, as shown by the two distributions. This is an indication of complex chemical
substances on the surface of asteroids, probably silicates, carbon and organic substances.
Some of them originated with the asteroids, but others may have appeared later under
the influence of heat and solar and cosmic radiations.

6 Conclusions

Distributions of asteroid parameters have been obtained with a good approximation
with respect to the quantity of raw data used. The results show a complex picture of
asteroid distributions and composition. The main asteroid classes are reflected in the
distributions of mass density and albedos. The radar albedo indicates an average metal
composition of around 15 %, which is quite much. Considering that asteroid metals
often appear in native or alloyed forms, their extraction needing no chemical reduction
processes, this indicates a huge economical potential of asteroids on average. There is
even an indication in the radar distribution showing a metal composition approaching
60 %, corresponding to class M asteroids, which would be the first target for extractive
space industry. The density and colour indices indicate a complex chemical composition
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Figure 3: Distributions and relative errors of conditions for (a) absolute magnitude MV

(N = 185 655), (b) U-B (N = 978) and (c) B-V (N = 1 020) colour indices.

of asteroids, partly representative of the environment at the beginning of the Solar System
and partly resulting from chemical reactions mediated by the Sun’s heat and ultraviolet
radiation.
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