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Abstract. We give an analytical formulation for the approxi-done numerically. So there is no analytical formulation for the
mation of theMinimum Orbital Intersection Distance (MOID) MOID, and in the equation for the propagation of the covari-
between two elliptical orbits, and we apply it to the case of ttence matrix (see EG.{B2)) we need to explicitly compute the
Earth and of an asteroid. With this formulation we are able tterivatives of the MOID with respect to its variables. This is a
find an algorithm to compute the variance of the MOID for problem that cannot be solved, but we find an approximation
given asteroid and we make the computation in the case of thehe MOID that is obtained analytically, so to compute the
asteroids whose orbit has been determined, even if with a greatiance of this approximated MOID, and apply this variance
uncertainty, to find cases of asteroids that have a good probatailthe nominal MOID. We will call this approximated MOID
ity of having a small MOID even if their nominal orbit gives ahe AMOID, because we compute it only in the neighbourhood
relatively large MOID. of the nodes of the asteroid.

Key words: celestial mechanics, stellar dynamics —minor plan-
ets, asteroids

2. Analytical theory

2.1. Afirst approximation

1. Introduction . . . .
Given an asteroid with its observations, we introduce a reference

Inthe analysis of the problem of asteroids that can be dangereystemzy 2 with the origin at the Sun and such that the orbit of
for an impact with the Earth, one of the most important quathe Earth around the Sun lies on the plageThex axis of the
tities computed is the so-calleédinimum Orbital Intersection system is taken in the direction of thgoint of the Earth. This
Distance (MOID) that is a measure for the distance betweesystem is obtained by a small rotation from the usual system
the orbits of the asteroid and of the Earth, not considering timewhich the orbital elements of an asteroid are considered, but
positions that the bodies occupy in them. notwithstanding this rotation has to be done to obtain the exact
The computation of the MOID (see Sitarski 1968) of a givegeometry of the orbit of an asteroid with respect to the orbit of
asteroid is of great importance for the study of the problem tife Earth. In our reference system the orbital elements of the
possible impact of the asteroid with the Earth, but the problessteroid are callechutual elementdMoreover we calimutual
is that the orbit of an asteroid is given by the fit of the obsenodesthe intersection points between the orbit of the asteroid
vations, done using the method of the least squares, and s thezy plane. In the same way, we have tineitual nodal
causes an indetermination. In fact, from the observations, liree.
get the equinoctal elements of the asteroid along with their so- Let a, ¢, i, w, 2 be the mutual elements that identify geo-
calledcovariance matrixThis matrix gives, in the space of themetrically the orbit of an asteroid in space. By a rotation around
elements, the dimension of the ellipsoid of confidence of tliee = axis, it is possible to hav@ = 0, taking thex axis in the
asteroid, the set where the elements of the real orbit of the dsection of the ascending mutual node.
teroid can be in. Our aim is the construction of an algorithm to Let's assume in this paragraph (see Carusi ¢t al.|1990) that
propagate the uncertainty on the elements of the asteroid tottire orbit of the Earth is circular and that the nodal distance, that
uncertainty on the calculation of the MOID. To make clearés the distance between the two orbits along the mutual nodal
the notations, we catiominal MOIDthe value of the MOID line, at one of the mutual nodes is small. For example let's
computed taking as orbital elements the elements at the cemtssume without loss of generality that the nodal distance at the
of the ellipsoid of confidence. ascending node is small. Moreover, let the radius of the orbit of
Another problem that immediately we have to face to conthe Earth be equal to 1, Earth’s velocity along its orbit be equal to
pute the variance of the MOID, that is its uncertainty, is that,and let’s scale everything such to have all the constants equal
in all the algorithms to compute the MOID, the calculation ito 1. We assume to have the asteroid at its ascending mutual
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node and the Earth at the intersection between its orbit and #ue we have
x axis. Then, if 22 U2

1 Drznin = % = $(2) COS2 ©. (11)
T=E+2\/a(1—e2)cosi Q) Ux +Uz

. i This becomes, in terms of the orbital mutual elements,
is the so-callediisserand constantve have

2a2(1 — €?)sin i
Ul=v3-T, 2) D2, = - 00 .
vl @ Dinin 2a — 1 —a?(1 —e?)cos?i

2

(12)

whereU is the geocentric velocity of an asteroid entering the
influence_ spherg of the Earth. _So, _Iet’s assd!:ﬁeto be the 2.2. Nonlinearity in nodal distance
geocentric velocity of the asteroid at its ascending mutual node.

At this point, we introduce a new reference syst&iiZ The first step to generalize EQ.{12) is to eliminate the assump-
by a translation along the axis such that the Earth is at thdion thatz is small. In fact we want to deal also with asteroids
origin. Let’s callz, the nodal distance. Ag, is small, we can with an AMOID not too small, for example about 0.5AU, and
suppose thal/ has its base point at the origin, and we definesuch asteroids must have a not small nodal distance, as can be
as the angle betwedii and theY axis, that is in the direction seen from equations ({L1) arid{12). Our effort in this direction
of the velocity of the Earth, angh as the angle between théeads to a different expression for the velocity vediar

projection ofU on theX Z plane and theZ axis.U6¢ defines Let’s consider the same problem as before. In the reference
a new reference system, called Dpik reference syste(see Systemzyz with origin in the Sun, we suppose that the orbit of
Opik[1976). Then, the following holds the Earth is circular with radius equal to 1 and that the velocity
of the Earth is constant and equal to 1, while the asteroid has an

Ux = |U|sinfsinp = i\/g N a(l— e?) (3) elliptical orbit, given by the mutual orbital elementse, i, w,

a with @ = 0. We do the same calculations as before, so the
Uy = |U|cosf = +/a(l —e?)cosi—1 (4) AMOID is obtained by the Eq[{11).
Uz = |U|sinfcosp = /a(l — €2)sini. ) The only difference is the calculation of the components of

U. In fact, if zg is not small, we cannot assuriéto have its
Then, as a first approximation for the analytical computatidsase point where the Earth is. So, we use the equations given by
of the AMOID (see Valsecchi et al., in prep.), we consider theassical celestial mechanics to evaluate the velocity of a body
minimum distance between the two lines tangent to the orbiong its elliptical orbit and the equations for its angular mo-
of the Earth and the asteroid at the intersection points betwegentum. IfV is the heliocentric velocity of the asteroid at its
the orbits and the mutual nodal line. With this assumption, vegcending mutual node ad’ = (0, 1,0) is the heliocentric

can define the two lines as velocity of the Earth, we hav®/ = V — V| that is, in com-
X =Uxy 14 Eonents,UgE =V,, U, =V, —1andU, = V.. Moreover we
Y

7 — % Yy (6) have ) 1

2 — [
for the asteroid, and V" = 1420 a (13)
{ X' =0 @ h|* = a(1-¢?) (14)

[

Z=0 whereh is the angular momentum. The equations to compute
for the Earth. The minimum distance between these lineslis andU, come from the definition of the angular momentum,
given by the minimum of the function while U,, is obtained by the Eq_{13) and by the relation between
DY) = (X = X'+ (Y = Y'2 + (Z - Z')2, ) U andV. We have
that is the value of the function at the poifituin, Yo;,)- Itis ha =0 o (15)
obtained as the solution of hy = Va(l—e?)sini = —(1+4z0)U. (16)

(981})/2 —0 h, = va(l —e?)cosi = (1+ ) (U, +1) a7

2 .

90> = o. from which we get
The equations are 1—e2 ;

a o U, = —“(1+Z)COS’_1 (18)

8D? —_ Q(Ux+Uz)Y+2(Y7Y’)+&$ 0

oY U2 Uy *0 .
{ ) ) Oy, o Val=Dsini (19)

oY 1 + o
that have their zero at and

- =U7+

UxU cos 0 sin
Yinin = — U§X+(}/§ To = =g o (10) 2 1 a(l —€?)cos?i n a(l —e?)sin?i
Yiin = Yonin, 1+29 a (14 2)? (14 20)?
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that leads to where

2 1 a(l—e?) a’2(1 — e’2)
U, =+ _-_aze) 20 _ [a”(1—e”)
\/1 +xo a  (14z0)? (0 cosa 7' (2a’ —r')

Now we can substitute the equations for the components of 4
to getD?2 . . We use Eq[{T1)

min*

2 1
n2 _ < -
D2- _ :L%U% |V‘ 77a/ a’
min 2 2
Ux +Uz At this point, we can write the tangent lines as
to get y
D2 — x2a?(1 — e?)sini 21) { wi %y—i-xo (27)
™ 2a(1 4 mo) — (14 m0)2 — a2(1 — €2) cos?i’ =Y
Eq. (21) is obtained in the same way as Eq] (12). However ttag the asteroid, and
different way in the calculation of the components of the ve- Loy,
locity U leads to the generalization of equatiénl(11), that cap * = v/Y (28)
be obtained from Eq{21) expanding the denominator in powgr ./ — %y/
series ofxy and keeping only the first term of the series. In Y
this sense we say that EQ.121) is a formulation for the AMOIfr the Earth. Then we look for the minimum of the function
nonlinear in the nodal distanag.
e D(y,yf) = (x — ) + (y o/ + (= — )2 (29)
2.3. Earth on elliptical orbit The minimum is achieved at the poifiy, (), the solution of

assumption that the Earth is on a circular orbit. Then we havefoap® _
introduce orbital elements also for the Earth, so in the referen e
systemeyz wecalla’, ¢/, 7', w’ these elements, and we have-  and we geD?(yo, yj)) = D?

min*

A generalization of Eq[{21) can be achieved by eliminating th{t ag =0

The equation foD?2 . interms

min
0, while ' cannot be defined. Moreover 8" = (V,V,/,0) of the orbital mutual elements e, ,w and ofz is too long
be Earth’s velocity along its orbit. and too complicated to be written here, and it is also beyond

If we want to eliminate all the approximations relative to theur aim, since it's much easier to write the equation in terms
nodal distance we made in the previous paragraphs, we haveftthe velocitiesV andV’ and it's much easier to evaluate the
use the heliocentric velocify to parametrise the line tangent taderivatives of this equation, and this will be important in the
the asteroid’s orbit at the ascending mutual node. By the way, wext paragraph. What we get is
will remark that with this improvement we get the same result

for the AMOID, so this is just an improvement by a theoreticgh2. — 75 T37 (30)
point of view. TP

Letr’ be the distance of the Earth from the Sun at the poigfere T is the wedge produc = V' A V”. By Eq.[30)we
where its orbit intersects theaxis. We can write notice that the AMOID would be the same parametrising the
,d(1—e?) lines withU andV”, sinceT = V AV’ =U A V'. Eq.[30)
" + e’ cosw! reduces to Eq[(21) ¥’ = (0, 1,0).
Then, to evaluatd” we use the same method as before (see Ed-[3D)is better understood as a particular case of the equa-
Egs. [20)[(IB) and(19)), so we get tion for the distance between two given lines

, > 1 i) p2, - BT (31)

Vgg—Ugg—|—VgC—i\/T/+x0—a—(r/_+_m())2 (22) T2

a1 = e cosi whereR is the vector joining two given points on the lines and

Vy =U,+V, = T (23) T isthewedge product between the velocity vectors of the lines.
T i)
va(l—e?)sing .
V, =U,= —F——, (24) 2.4. Variance of the AMOID
"+ Zo

while to evaluatd’’ we use the equations to obtain the compd’—'a"ing obtained the analytical formulation for tr_\e AMOID, we
nents of the velocity of a body on an elliptical orbit along thBave to evaluate the variance of the AMOID in terms of the

radius and orthogonal to the radius. These equations give covariance matrix of the equinoctal elements given by the ob-
servations of the asteroid (see Milani 1999). To do that, we have

V; = [V'|sina (25)  to construct an algorithm that in various steps leads from the ob-
V, = [V'|cosa, (26) servations to the AMOID. Itis important to have a equation for



414 C. Bonanno: An analytical approximation for the MOID and its consequences

the AMOID much simpler in its dependence on the variablé&®ingg, ¢, 145, Cast the cartesian coordinates of the asteroid in
because to obtain its variance we need to compute all the derivee systengn(. Then the composition of a rotation of an angle
tives with respect to the variables. In fact Xf is a vector of equal to©2; around thel axis and a rotation of an angle equal

data andy is its covariance matrix, then the covariance matrito o around the new’ axis gives the new cartesian coordinates

I'y of a vectorY (X), function of X, is given by of the asteroid in the systeér/(’, that are
oY oy \' st = Sast €08 Qo + Nast sin
Ty = (3)() X (ax) : (B2) 4y, = cosiig (st €08 Q) — Ease 50 Q) + Case siNg
!t = —Sinig (Nast €08 Qo — East SN Q) + Cast COSip.

In the first part of the algorithm we make a change of coordi- ) ) ] )
nates from the systef ¢ (where the equinoctal elements of an] © getws atthis point, we use the transformation equations from
asteroid are obtained) to our systemn. cartesian coordinates to keplerian elements. We get
Let’s start changing the elements of the asteroid from .
equinoctal to keplerian, in order to study the geometry of th = arctan < — . ) —1y. (43)
. . ) . _ sin g , cos () ., sin Q)
orbit of the asteroid and identify the rotations we have to 2 (Sast 2+ Tast 2)
do. Let A, h, k,p, q,1 be the equinoctal elements. If we writeThe last step consists of a rotation aroufidaxis of an angle
a,e,i1,wr, 21,11 for the keplerian elements, we have equal tof2,, the longitude of the ascending node of the asteroid
in the system¢’n’(’, to get the mutual elements e, i, w in

!/

ap = A (33) the systenmryz and the elements, ¢/, w’ of the Earth. For the

er = VB2 + k2 (34) mutual elements

in = 2arctan (V2 + ¢?) (35) a = a (44)
h P e = e (45)

wy = arctan <k) — arctan (q) (36) P (46)

Q; = arctan <p) (37) W= W, (47)

! ! 1 (38) while for the elements of the Earth; ande’ are fixed given

1 =t

the time of the observations of the asteroid, while &6y the

The second step we need is the change of coordinates fdf@ument of the pericentre of the Earth in the sysigm, we
the systengn( to a new systeng’s’¢’, where the plane’s/ is Nave
the plane of the orbit of the Earth, and tfieaxis is in direction  , _ wo — Qo (48)
of the point. Letas, es, 12, ws, 2o, I be the new keplerian el-
ements, and lely and, be, respectively, the inclination andwherewy is the argument of the pericentre of the Earth in the
the longitude of the ascending node of the Earth in the sysssteménc.
tem¢n(. Then the change of coordinates leads to the following At this point by the Eqs[{44)(#5). (¥6]. (47) and](48), we

transformations for the elements can get the nodal distanag given by
— 1 _ .2 / 1 12
as a1 (39) o = a( € ) _ a ( . € )/’ (49)
€9 es (40) l1+ecosw 1+¢€ cosw
1o = arccos (C sinig sini; + cosip cosiy) (41) the velocities of the Earth and of the asteroid by the Egs. (25),
D sini, (28) and [22),[(23),[(24), and the minimum distance between
{1y = —arctan (C 57 Sini —sini ‘ > (42)  the tangent line$(28) and(27) by EG.(30).
0 SN2y Sin g COS 1?1 ! .
Obviously at each step of the algorithm we use Ed. (32) to
where get the variance of the AMOID.
C = cos g cos )y + sin Qg sin
D =sin Qg cos 2y — cos Qg sin Q. 3. Applications
We still have to find the transformation equation fer. Let Inthe last paragraph we derived an analytical formulation for the
AMOID near one of the mutual nodes for an asteroid crossing
a(1—ef) the plane of the orbit of the Earth around the Sun, and con-
" 1+eg cosly structed an algorithm to obtain the AMOID and its variance.

Now we apply the algorithm to two different kinds of real cases
of asteroids, the Near Earth Asteroids and a large catalog of
ast = 1 cos iy (cos O cos(wy +11) —sinQy sin(w; +1;))  unnumbered asteroids.

Nast = 7 cos iy (sin Qy cos(wy + I1) + cos Q sin(w; + 11)) Obviously the importance of the algorithm lies in the pos-
Cast = 7 sin(wy + 1y) siniy, sibility of computation of the variance of the AMOID, and not

and
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Table 1.Virtual PHAs among NEA. PHA. So, our algorithm could enlarge the number of asteroids

classified as LMA, and so could turn the attention of astronom-
Name Nom. Min. Minim. Value ical observatories to a larger number of objects that need to be
1984QY1 0.1781838560 -0.7525736331 observed more to increase the accuracy in the specification of
1994XG 0.0561041431  0.0481921878 their orbits.

1997XV11  0.5842455386 -0.1820207990
2000AQ219 0.2083623575 -0.0271626559

3.1. Near Earth Asteroids

The first list that we examined with the algorithm described
in the eXpliCit Computation of the AMOID. In fact the AMOID above, is the list of the so-calledear Earth Asteroid (NEA)
can be just an approximation for the nominal MOID, that igat are asteroids with a perihelion less than 1.3AU, obtained
computed more accurately by other algorithms. It is importagbm NEODyS (http:/newton.dm.unipi.it/neodys/), updated to
also to notice that the AMOID is a good approximation only ifarch 1st, 2000. At the moment there are 922 asteroids classi-
some cases, so first of all we have to discriminate these casegelf as NEA.
is obvious that the AMOID can be a good approximation of the - A jarge number of them, 324, are already classified as LMA,
nominal MOID only in cases with high mutual inclination, s@jince theirnominal MOID is less than 0.05AU, but our algorithm

we expect to find inaccurate results if we compare the nomingbksents some cases of Virtual PHAs, and Table 1 below lists
MOID and the AMOID in cases of small mutual inclination. these asteroids.

We take a list of asteroids along with the covariance ma- |n the table, we have in the second column the nominal
trix of their equinoctal elements, then we use our algorithm {ginimum, that is the minimum of the distance function, while in
obtain the orbital mutual elements of these asteroids in our refe third column there is the minimum value that the distance can
erence systemyz. At this point we use an algorithm inventedychieve at its minimum point obtained considering the variance
by G.F. Gronchi to obtain the nominal MOID, all the stationaryf the AMOID near to the minimum point.
points of the function that gives the distance between two points First of all we notice that all the asteroids listed above don’t
on elliptical orbits and the eccentric anomalies of the stationaijve a small inclination, so thatwe can suppose that the AMOID
points (see Gronchi, in prep.). In some cases we obtain two Miginot a bad approximation for the nominal minimum. Then in
ima, so the nominal MOID is the smaller. Then we compute th) the cases the nominal minimum actually corresponds to the
AMOID near the ascending and the descending mutual noggsminal MOID.
and the variance. What we want to do after this is to apply the Not really interesting is 1994XG since its minimum value is
variance of the AMOID to the nominal minima. To do that, wgst |ess than 0.05AU, while its nominal MOID is just more than
have to remember that we computed the variance of the AMOY)5AU. In the other three cases, we can see that the uncertainty
near the mutual nodes, so we cannot simply apply the variafgghe observations leads to a relatively big standard deviation,
to the minima. So we have to choose, among all the asterojflgking the three asteroids Virtual PHA. Anyway, a big standard
in a list, only the ones who have at least one minimum of thg:wiation means that, even if the minimum value is less than

distance function, what we’ll call aominal minimumnear a .05AU, the probability that the asteroids are actually LMA is
mutual node. The limit we imposed is that the angular distanggite small.

between the point of minimum and the node should be less than Running our algorithm on the NEA list, we also noticed that
or equal tod5° along the orbit. Finally we compute the minspometimes we have strange configurations for the position of
imum value the nominal minima can achieve, that is obtainggk nominal minima on the orbit of an asteroid. For example we
via the following equation found a list of 13 asteroids with both the minima points further
than45° from both the nodes, but with an inclination larger than
10°, and a list of 98 asteroids with only one minimum further
where thestandard deviatioris the square root of the variancehan45? from both the nodes, always with an inclination larger
of the corresponding AMOID. than10°. Sometimes this is due to a particular position of the
This minimum value is of great relevance if it reveals théterihelion with reSpeCt to the mutual nOdeS, but in some other

the asteroid could approach the Earth at a small distance, for @ses it is not clear why this phenomenon occurs.

ample the distance Earth-Moon, even if the probability of this

approach is small, in fact, in this case, the asteroid obvious}yp. Unnumbered asteroids

needs to be studied better to compute its orbit more accuratelg. ) _ _ ) )
Anyway, it is also important to know when an asteroid can aphe second list that we examined with our algorithm is
proach the Earth at a distance less than or equal to 0.05AU3sdiSt Of 56505 asteroids, whose orbits have been com-
there is a list of objects with a nominal MOID less than 0.05APuted by A. Milani using the software OrbFit version 2.0.2
and we call these asteroitlsw MOID Asteroid (LMA)By our (http://newton.dm.unipi.i/asteroid/orbfit/) on the base of the
algorithm we can find some asteroids that don't have a nomi@&servations, updated to January 24th, 2000, published by the
MOID less than 0.05AU, but such that one of their minimurilinor Planet Center. This list of asteroids’ orbits is much bigger
values could be less than 0.05AU. We call these astevaitisal  than the previous we used, because of the adding of a program

Min. Value = Nom. Min. — 3 x Stand. Deviation (50)
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Table 2. Distribution of Virtual PHAs by probability. how the probabilities of being LMA are distributed on the 6343
Virtual PHASs.
Range of Probability =~ Number of Asteroids The range of probability is expressed in percentage, so there
0-3 5020 are, for example, 5020 asteroids with a probability of being
3-6 1071 LMAs less than 3 per cent. Most interesting are the cases of the
6-9 173 two asteroids with a percentage more than 45 per cent. These
9-12 38 two are 1999VS112 with a probability of 47.14 per cent and
12-15 21 1999AG3 with a probability of 48.07 per cent.
15-18 4 The asteroid designated 1999VS112 was observed in two

18-21 1 nights separated by three days, and the observed proper motion
gi ;;1 g was 0.21 degrees per day, mostly in right ascension. This seems
27-30 0 to indicate that this asteroid is actuallyMain Belt Asteroid
30-33 2 (MBA), but with our algorithm we found a high probability for
33.36 3 this asteroid to be a LMA. Probably in this case the probability
36 -39 1 of being a LMA has to be lowered taking into account the much
39-42 0 larger number density of MBAs.

42 - 45 0 Completely different is the case for 1999AG3. This asteroid
45- 48 1 was observed in two nights separated by four days, and the
48-50 1 observed proper motion was 0.37 degrees per day, out of which

0.35 were in declination. So, itis much less likely for 1999AG3
to be a MBA, and it seems that the high probability of being a

L(IYIA is a realistic estimate. In fact it also has to be lowered due

by Z. Knezevic and based on a Vaisala algorithm, that a”OW?o two main reasons, being the first that our computation is an
the calculation of orbits also for asteroids with very few ob- L ' gthe ) P X
proximation of the real situation. If we define #lengation

servations. In this list all the NEAs are included, so besid& : .
. - an asteroid to be the angle between the lines Earth-Sun and
the 324 LMAs already found, using our algorithm, we foun rth-asteroid, then an asteroid is said to be afutdratureif

6368 asteroids that become LMASs only if we consider one c% | tion i imatelv 90 d Th q
the minima with the variance of the nearer AMOID. Actually—> & 0ndation IS approximately egrees. 1he second reason
lower our computation of the probability of being a LMA

this number becomes 6343 if we consider only asteroids wi . .
y then that when the asteroid is observed at its quadrature, as

a nominal minimum less than 10AU. Moreover 6225 asteroibf]'sth.S case. the computation of its orbit bresents a problem. In
have a nominal minimum less than 2AU. ! ' ’ putat : itp P ’

Some of he Vil P rave verypoory determined o1 12320 ofcalcuatngrenar i icite ulle
bits and the uncertainty in the calculation of the AMOID i§ ’ P 9

. . . tained by the least squares method, and the problem is which
very high, for example this happens for the 118 asteroids Wﬁf‘gion to choose. This problem is not encountered when the

a nominal minimum bigger than 2 AU. These cases are notpars ~ . " . o . . .
ticularly interesting. But for the other cases we expect to fi teroid is observed at bpposition that is when its elongation

very interesting results. IS 180 degrees. So we can say that 1999AG3 has a probability of

At this point it seemed to us that it could have been inte‘rl—s'07 per cent of being a LMA in the region of the parameters

: . C : ace given by the ellipsoid of confidence found with respect to
esting to compute the probability that an asteroid in our thu%ﬁe of its possible orbits. But we expect that the real probability

PHAs listhas to have its real MOID less than 0.05AU. ActuaII){ not to be much smaller, so it still remains an interesting case
since the minimum value we find is a signed quantity, we want ' 9 '

to find the probability.that th? real MO'P is between .'O'OSAFAcknowledgementsThis work has been supported by ASI, research
and 0.05AU. To do this, we simply considered the uniform digroject ARS-98-240. The author would like to thank A. Milani for the

tribution on the segment suggestion of the problem and for his collaboration, and S.R. Chesley
. . and G.F. Gronchi for their precious help in the construction of the
[Nom. Min. — 3 = St. Dev, Nom. Min. + 3 * St. Dev, algorithm described.

and computed the probability of the intersection with the seg-

ment [-0.05,0.05]. We added the probability of all our VirtuaReferences
PHAs, and found as value 127.803. This means that besides the . .
324 LMAs found in the list of NEAS, there are other 127.80 arf;tg'r’] \fésf(l:ih' G.B., Greenberg R., 1990 Cel. Mech. and Dyn.
LMAs, distributed on the 6343 Virtual PHAs. This implieSiani A 1999 carus 137 269

that the estimation on the number of LMAs could be wrong &,k £, 1976 Interplanetary Encounters, Elsevier, New York

afactorapproximately equal to 39.4 per cent. In Table 2 we sh@arski G., 1968 Acta Astron. 18,171
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