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ABSTRACT

Context. To investigate the distribution of periods of rotation ofeaieids of diferent regions of the Solar System and distribution of
diameters of near-Earth asteroids (NEASs).

Aims. Verify if nonextensive statistics satisfactorily desestthe data.

Methods. Data was taken from Planetary Database System (PDS) with Rétotal of 3567 asteroids). Taxonomic class and region
of the Solar System was also considered. Data for NEA was tirken Minor Planet Center (total of 7078 NEAS).

Results. The periods of rotation of asteroids followgegaussian withy = 2.6 regardless of taxonomy, diameter or region of the Solar
System of the object. The diameters of NEAs are describeddsgpgonential withg = 1.3. According to this distribution, there are
expected to be 1246180 NEAs with diameters greater than 1 km.
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1. Introduction 2004), angular momentum exchange in binary or multipleraste

oid systems (Bottke et al. 2002), or torques induced by solar
Asteroids and comets are primordial bodies of the SolareBystradiation, known as YORPfiect (from Yarkovsky—O'Keefe—
(SS). The study of the physical properties of these objeats mMRadzievskii—-Paddack) (Rubincam 2000). Particularly, Ya#R
lead to a better understanding of the processes of formafionfect is strongly dependent on the shape and size of the anjelct
the SS, and, by inference, of the hundreds of exo-Solarmgsteits distance to the Sun.

already known. Distribution of rotation periods and diaenst Near-Earth Asteroids (NEAS) is a subgroup of SS asteroids
of asteroids are two parameters that may give peaces of infghose heliocentric orbits lead them close to the Earth’storb
mation concerning the collisional evolution of the SS. BV \ore than 7000 NEAs are known up to 2011. The study of these
& Harris (2000) have analyzed a sample with 984 objects ag@jects is relevant once it may bring information regardimeg
have argued that the distribution of rotation periods of@8dls  pjrth and dynamic evolution of the SS. Also a special inteires
with diametersD > 40 km is maxwellian, with 99% of confi- these objects is related to the possibility of collisionhwibe
dence. They suggest that objects within this diameter range garth with obvious catastrophic consequences (Alvared.et a
primordial, or originated from collisions of primordial 8@s. It [1980). They also may be potential sources of raw material for
is known that for small and very small asteroid® € 10 km),  fyture space projects.

the distribution of rotation periods is not maxwellian. Tareal-
ysis of the data suggests the existence of a spin-barrig¢héor ) o . X
asteroids with diameters between hundreds of meters anth10} g(i:lhegr?mlizr?zgli:)r?so?t;léngg?ennt(i);lt?ii:: gf'e:in::%tlﬁrs?o'ﬁ eosr‘;’gr[t’gal
and with less than 11 rotations per day (period of about 2.2 : : '

(Pravec, Harris & Warner 2007). The absence of a substan !lfgt%ttempts to estimate this flux was done by Shoemaker et al
quantity of asteroids with period less than 2.2 h may be due o 9)- , o
the low degree of internal cohesion of these objects. The ma- The impact flux may be taken from the accumulated distri-
jority of the Sample may contain rubble p||e asteroids (Baﬂ bu'[IO_n of diameters of the NEAS This d|Str|bUt|0n IS |nahﬂ§
al.[1979, Harrig 1996) that are composed by fragments ofsroc@Ptained by the current asteroid surveys, according toltse-a
kept together by self-gravitation. For objects below 0.2 km lute magnitudeH. The distribution of absolute magnitudteis

is observed rotation periods smaller than the spin-basigg- described by Michelson (2004),

gesting that these objects have a high internal cohesigrly+m
ing that they may be monolithic bodies. Thefdiulty in the N = oH 1
modelling of periods of rotation of asteroids as a whole mal gN=aH +5, @
be associated to the combined action of many mechanisms such

as collisions (Paolicchi, Burns & Weidenschillihg 2002)ag whereN is the number of objects and andg are constants.
itational interactions with planets (Scheeres, Marzari 88t The diameters of asteroid® may be given in function of their

The evaluation of the number of asteroids per year that may
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absolute magnitudes and their albegpsiccording to Bowell et described by distributions that emerge from nonextensatéss

al. (1989) tical mechanics (Tsallis, Anjos & Borges 2003). A list of mor
s instances of applications of nonextensive statistical maaics
D= 13291@ / 2 in astrophysical systems may be found in Tsallis (2009).
B N (2) Maximization ofSq under proper constraints leads to a dis-
% q

tributions that are generalizations of those that appe#rinvi
The albedo is the rate of superficial reflection and its vatue Boltzmann-Gibbs context. For instance, if it is requireatth
essential for the estimation of the diameters of the asteroithe (generalized) energy of the system is constant (Curado &
The values of the albedos of asteroids varies accordingeto theallis[1991) then the probability distribution that emesgs a
superficial mineralogical composition (taxonomic complend g-exponential,
object’s shape. Typical values range fron@®+ 0.02 for low
albedo objects of C taxonomic complex up td®=+ 0.06 for P(X) e expy(—AqX). ®)
high albedo objects of V type (Warner, Harris & Pravec 2009)8; is the Lagrange multiplier. Thg-exponential function is de-
Combination of equation§l(1) and (2) leads to a power lafined as (Tsallis 1994)

behavior: 1

expgy x=[1+(1-ag)x],". (6)
) The symbol &, means thatd] = aif a> Oand g] = 0O if

The parameters are estimated by Stuart (2003}, 1.95,k = @& < 0. Theg-exponential is a generalization of the exponential
1090, andD is given in km. According to this expression andunction, thatis recoveredd — 1.If the constraintimposes that
taking into account the uncertainties of the measuresySua the (generalized) variance of the distribution is constien the
Binzel (2004) estimated that there may exist 189080 objects dlstrl_bunon that maximizeS, is the g-gaussian (Tsallis et al.
with diameters equal to or greater than 1 km. 1995, Prato & Tsallis 1999),
P(X) oc expy(-BgX°)- )
2. Nonextensive statistics The g-gaussian recovers the usual gaussiag at 1, and par-
ticular values of the entropic indeg turn p(x) into various

In order to model the accumulated distribution of period$@r known distributions, as Lorentz distribution, uniform triisu-
ameters of asteroids, we have applied results from Tsalfiex- tion, Dirac’s delta (see Tsallis et al._ 1995, Prato & TsdlR99,
tensive statistics. This choice comes from observatiomal efor details).
dences that astrophysical systems are somehow relatedé@no  We have found that the distribution of diameters of NEAs
tensive behavior. It is known that system with long-range ifiollows ag-exponential and the observed rotation periods of all
teractions (typically gravitational systems) are not grdypde- asteroids, regardless of their diameters, mineralogimalposi-
scribed by Boltzmann-Gibbs statistical mechanics (Laat$b tion or region of the SS, are well approximated by-gaussian.
1990). Along the last two decades it has been continuously de
veloped the nonextensive statistical mechanics that isnarge
alization of Boltzmann-Gibbs statistical mechanics. lisgiro-
posed in 1988 (Tsallls 1988) a generalization of the entropy In order to obtain a distribution of asteroids rotation pds we

LW used the compilation of 4127 periods available at the Péapet

I 1

N(> D) = kD®.

3. Observational data

) Database System (PDS) (Harris, Warner & Pravec 2010). $n thi
q-1 ° sample the periods are classified according to a quality obde
the reliability of the estimated period, defined by Harris &urig
wherep; is the probability of the i-th microscopical staiis  (1983). We have used periods with Rel2 (Rel from reliabil-
the number of stategis a constant (Boltzmann’s constant) angty) that means they are accurate£020% which resulted in
q is the entropic index. Ag — 1 Sq is reduced to Boltzmann- 3567 asteroids taken into account. Cross-checking the lsamp
Gibbs entropys; = —kZ}N pi In p;. It was soon realized that thewith a compilation of taxonomic classifications, also aablé
nonextensive statistical mechanics could be successfpfilied at PDS, has revealed that about 40% of these asteroids have ap
to self-gravitating systems: Plastino & Plastino (1993)rfd proximately known mineralogical composition. The 148&ast
a possible solution to the problem of the existence of a setfids with taxonomic classification have been separatedtingz
gravitating system with total mass, total energy and totalopy main classes: C , S and X complexes following the SMASS Il
simultaneously finite, within a nonextensive framework.nyla system of Bus & Binzel (2002), with respectively 503, 663 and
examples of nonextensivity in astrophysical systems may B21 objects. The diameters of these sub-samples have bleen ca
found. We list some instances. Nonextensivity was obseirvedculated with Eq.[(R) with the absolute magnitudeavailable
the analysis of magnetic field at distant heliosphere agsestio from MPCORB — Minor Planet Center Orbit Database (MPC
the solar wind observed by Voyager 1 and 2 (Burlaga & Vinh&9010).
2005, Burlaga & Ness 2009 Burlaga & Neéss 2010). The distri- Absolute magnitudes of 7078 NEAs were obtained from
bution of stellar rotational velocities in the Pleiadesmpkister MPCORB. We have adoptes] = 0.14+0.02 for the NEAs pop-
was found to be satisfactorily modelled byjanaxwellian dis- ulation albedo. This value was found by Stuart & Binzel (2004
tribution (Soares et &l. 2006). The problem of Jeans gitémital and it takes into account the great variety of taxonomic gsou
instability was considered according to nonextensivetidgriee- that are found in the NEAs (Binzel et al. 2004). In order té-est
ory (Lima, Silva & Santos 2002). Nonextensive statistica-m mate the validity of the diameters estimated by Eg. (2), weha
chanics was also used to describe galaxy clustering presessonsidered the diameters of 101 asteroids obtained frotme3pi
(Wuensche et &l. 2004) and temperature fluctuation of thamicos Space Telescope data (Trilling etial. 2010). This resutiedbbut
background radiation (Bernui, Tsallis & Villela 2006, Bein 20% of error. We considered that this value, though not snsall
Tsallis & Villela[2007). Fluxes of cosmic rays can be accelat reasonable for the purposes of our study.

Sq=k



Alberto S. Betzler and Ernesto P. Borges: Nonextensiveilligtons of rotation periods and diameters of asteroids

[EnY
OJ>
=
oJ:-

LU B Rl R B Rl B B R

> 1999-cU3 ]
3 Tﬁ\ggsxvze

Hektor
Ceres
1999-TY2
1999-SF10

Sedna
£ 2000-D08  pjytp 3

=
=

=

O(JO

=

ol—‘

L B R L
|

cumulative distributior
8,
1
cumulative distributior
|_\
ON

1| .
10 % 3 3 :.3
0- FEERTTIT EECEERETIT EETETRTTTT EETETRTTIT H IIIIIIII.J Ll 0- 1 1 4 vaim 1 luAu.u -
107 gl 107
10° 100 10" 100 10° 10° 10 10° 10 1o 10"
period (h) period (h)

Fig. 1. Log-log plot of the decreasing cumulative distribution oFig. 2. Log-log plot of the cumulative distribution of periods
periods of 3567 asteroids (dots) with ReP taken from the PDS of 3567 asteroids (circles) with Rel 2, and 663 S-complex
(NASA) and ag-gaussian distribution (solid line), Ed. (7), withasteroids (diamonds, blue on-line), 503 C-complex agieroi
q= 26,3 = 0.028 T2 and the normalizing constaM = 3567. (squares, green on-line), 321 X-complex asteroids (ttemg
Particular asteroids are indicated with blue dots (seeeBahll magenta on-line)g-Gaussian of the fitting for all asteroids is

and2). also displayed (red curve).
Table 1. Asteroids separated by the region in the Solar System. .g 1045
Data from PDS (Harris, Warner & Praviec 2010). 3 i
—_— 3
S10°F
Object Period (h) | Region *(z; E
1999 CU3| 3.7829 | NEA (s N, =Mexp(-B D)
Hektor 6.294 JT o 10° M =7078 NEA
Ceres 9.074170| MB (dwarf planet) = F
Sedna 10273 | TNO B 9713 ]
Pluto 153.2935 TNO (dwarf planet) g E B=3km E
o[ ]
-4 -3 -2 -1 0 1
Table 2. Small fast rotators NEAs at the approximately flat re- 10° 10° 10° 100 10 10 10

gion of Fig.1. Data from Binzel et al. (2002). Diameters (km)

Fig. 3. Decreasing cumulative distribution of diameters of NEAs

198?22;% 2'; 6 Dlam(;a t(i{ (km) g elr;céci(h) (dots) in log-log plot. Red curve isgexponential, Eq[{5), with
2000 DOS8 248 004 0022 q = 13,ﬂ = 3 km_l, andM = 7078 iS the number Of NEAS
1999 SF10| 24.0 0.06 0.0411

1999 TY2 | 23.1 0.08 0.1213

andD < 0.2 km. Some of these asteroids are identified inHig. 1
and in TabléR. Consequently in the asymptotic power-law we
T . probably find gravitational bound objects.
4. Distribution of periods The distributions for each complex taken separately (C, S,

Fig.[ shows the decreasing cumulative distribution of 3567 X) is shown in Fig[2. They can be satisfactorily approxindate
riods and a superposeegaussianis (h) = M exp,(-B;x®)) and by g-gaussiansq = 2.7 for S,q = 2.0 for C andq = 2.0 for X).
it is seen that it quite satisfactorily describes Fzhmosthialldata For C and X complexes, the fittings can be improved if we admit
with g = 2.6 andB = 0.028 72 (M = 3567 is the number of ob- that the number of objects are 10% higher than that foundein th
jects). This suggests that the distribution does not deparg Sample.
the diameters; (ii) the mineralogical composition; (ilietregion
of the SS in which the object is found. The latter is partidyla
important once the sample includes NEAs, trans-netunian o
jects (TNO), asteroids from the main belt (MB), Jupiter &g The decreasing cumulative distribution of diameters of NEA
(JT) and dwarf planets like Ceres and Pluto. Some asteroéds aot described by Eq{3) once it is only asymptotically a powe
identified in the Figure and in TablE$ 1 dnd 2. The value of thaw. We have tried to fit g-exponential to the diameters of 7078
entropic indexj = 2.6 — rather distant from unit, that is, distantNEAs (N»(D) = M exp,(-4D)) and the result, shown in Figl 3,
from the Maxwellian distribution — indicates that long-ggn is quite good for the entire range of the data.
interactions play an essential role in the distribution efipds The value ofq = 1.3 (different from one) is an indication
of rotation. that not only collisional processes are implied in the fatioreof

The spin-barrier period of 2.2 h is close to the intersectidhese objects. Other mechanisms may also be present: th YOR
of the asymptotic power-law and the approximately flat regiceffect may lead to the decrease of the period of rotation up to
of Fig.[d. This result suggests that in the approximatelyrflat the point of rupture. This fragmentation process may yibkl t
gion we may find monolithic fast-rotating asteroids (Wheigl formation of binary or multiple systems. About (354)% of
Hergenrother & Tholen 2002) with absolute magnitile- 23 NEAs with D > 0.3 km and periods of rotation between 2 and

. Distribution of Diameters of near-Earth asteroids
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3 h possibly are binary systems (Pravec, Harris & Warner POOWuensche, C. A., Ribeiro, A. L. B,. Ramos, F. M., Rosa, R. RL®hysica A,
According to the distribution we have found there are 12480 344,743

NEAs with D > 1 km, that is superior than the 1090 asteroids

found by Stuart & Binzel[(2004). The analysis of the distribu

tions of diameters of MBA and TNO are welcome.
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