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ABSTRACT 

Spacewatch has been successfully discovering Near Earth asteroids (NEAs) for five years based upon the 
difference in the ecliptic rates of motion of these asteroids compared to their distant Main Belt, Trojan and 
Centaur cousins. The search for NEAs is usually restricted to regions on the sky near the ecliptic and 
opposition in order to take advantage of their increased brightness, the good correlation between the rates 
of motion and orbital elements, and their increased numbers in this direction. The present study introduces 
an analytic determination of the best location on the sky to search for NEAs based on their rate of motion. 
Assuming a reasonable orbit and magnitude-frequency distribution for NEAs, Main Belt, Mars crossing, 
Hungaria and Trojan asteroids, it is possible to derive the probability that an object moving with a specified 
rate in each direction at a given ecliptic latitude and longitude with respect to opposition is a NEA. The 
discovery probabilities are studied as a function of ecliptic latitude and longitude with respect to opposition, 
absolute magnitude of the discoverable NEAs, confidence level on the NEA detection, and limiting 
magnitude of the detection system. The discovery probabilities are examined for each of the NEAs 
discovered by Spacewatch. Imposing a 90% confidence level on the requirement that a candidate is a large 
NEA for a detection system with a limiting magnitude of V=21, it was found that scanning at opposition 
offers the best opportunity for NEA discovery. Discoveries are symmetric in the east-west direction about 
opposition due to an interesting inter-relation in the solutions for orbital elements of objects which may 
appear at the specified location. Detection systems with a fainter magnitude limit may find it better to scan 
about 45° from opposition in order to find the larger NEAs. © 1996 American Astronomical Society. 

1. INTRODUCTION 

Spacewatch has enjoyed considerable success in the de- 
tection of NEAs based upon their rates of ecliptic motion 
relative to other asteroids (Gehrels & Jedicke 1995). The 
Steward Observatory’s 0.9 m Spacewatch telescope on Kitt 
Peak and 2048X2048 Tektronix CCD provide a limiting 
magnitude of about 21. The system is utilized on every clear 
night during the dark time of each lunation. 

Figure 1 shows the ecliptic latitude rate versus ecliptic 
longitude rate in degrees/day for asteroids from a simulated 
scan near opposition. Superposed on the plot is a rough out- 
line of the identification of asteroids based upon their rates. 
Main Belt (MB) asteroids move at roughly one-quarter 
degree/day in longitude while more distant objects (Hilda, 
Trojan, Centaurs, etc.) move slower. The Hungarias are char- 
acterized by high inclination and are located inside the inner 
edge of the main belt; they often appear with high rates of 
motion in latitude and overall rates which might otherwise 
characterize them as NEAs. Mars-crossing asteroids often 
display longitudinal rates similar to the MB but with high 
latitude rates. The NEAs may appear anywhere on the plot 
and often mimic the rates of other asteroids. The key to their 
discovery is that they may also appear with distinctive rates 
identifying them as interesting objects. 

Spacewatch observers currently use the solid boundary 
line in Fig. 1 to distinguish NEAs from other less interesting 
objects (Rabinowitz 1991). The curve was determined em- 
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pirically from a simulation of asteroid-like orbits. They are 
asteroid-like in the sense that no single orbit used in the 
simulation was identical to the known orbit of any asteroid, 
but the ensemble of orbits was statistically similar to the 
known distribution. The figure has proven its merit for scans 
near opposition and even extending ±30° in longitude away 
from the anti solar point. As the scan region moves away 
from opposition the objects move more slowly. This causes a 
shift and compression of Fig. 1 which decreases its efficacy 
as the scan region approaches the stationary point. Under 
these circumstances the choice of objects to follow up falls 
more often upon the observer’s experience rather than a 
quantitative measure of the likelihood that an object is a 
NEA. The rate of mistaken identifications increases corre- 
spondingly. Scanning is often forced into these undesirable 
locations when opposition is located in the Milky Way, 
where the automated software (Rabinowitz 1991) has diffi- 
culty locating asteroids amongst the high number of back- 
ground stars, or when the opposition region is not above 
about 1.5 airmasses. 

Recent interest in large scale surveys of the sky for NEAs 
have promoted studies of their sky plane distribution (Bowell 
& Muinonen 1994) in order to determine where scanning is 
most profitable. The sky plane density of NEAs decreases 
with ecliptic latitude, while the increase in brightness of as- 
teroids towards opposition enhances the number of NEAs in 
that direction. Large scale, wide field surveys plan to cover 
the sky many times during the dark period of each lunation 
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Fig. 2. Definition of vectors and angles. 

Fig. 1. Typical rates of motion and identification for asteroids found near 
opposition. 

and thereby repeatedly recover all asteroids in their scans 
within a couple weeks. Theoretically, this method will allow 
them to identify the same asteroids in successive passes, cal- 
culate good orbits, and identify those which are NBAs. Their 
proposed scanning technique provides them with some ad- 
vantages over Space watch’s current method but the practical 
development and implementation of their identification and 
matching software awaits testing. 

Bowell & Muinonen (1994) used a model NBA distribu- 
tion and examined their location on the sky plane by calcu- 
lating the positions of all the asteroids as viewed from Earth 
at various times. Their study allowed them to reach several 
important general conclusions about the nature of future 
NBA survey programs. However, they were not concerned 
with the ability to identify the objects based on their rates of 
motion. 

The apparent rates of motion of asteroids which will im- 
pact Earth within about 100 days has been studied by Hills & 
Leonard (1995). Ten days before impact the maximum geo- 
centric proper motion is about 300 arcsec/day with a compa- 
rable reflex proper motion due to the Earth’s rotation. Space- 
watch’s current method of motion detection can locate 
objects moving as slow as 150 arcsec/day and, by doubling 
the time between successive passes over a region, it is pos- 
sible to halve the rate of motion of detectable objects. Many 
of the objects described in their paper are easily detected 
using the current Spacewatch configuration. If the combined 
proper and reflex motion produce NBAs moving at rates 
which are significantly different from other objects in the 
same field of view they may be flagged as interesting candi- 
dates by the Spacewatch observers. 

The present paper develops an analytical measure of the 
probability that an object discovered at a specified location 
with respect to opposition, and with a given geocentric rate 
of motion, is a NBA. Discovery programs may then set a 
limit on the probability before deciding to follow it for a 
better orbit determination. The predicted NBA discoveries 

are examined as a function of ecliptic latitude and longitude 
with respect to opposition, confidence level for a positive 
identification, the magnitude limit of the detection system, 
and the absolute magnitude of the discovered NBAs. In all 
cases it is possible to determine the location on the plane of 
the sky which maximizes the probability of NBA detection 
by motion alone. Since this method relies on the instanta- 
neous rates of motion of an asteroid it allows identification 
and almost immediate follow-up of faint objects. These 
fainter asteroids may be bright enough for detection in the 
large scale surveys during a single pass but may not remain 
above their detection threshold for a period of time sufficient 
to reacquire them and calculate orbits. 

2. METHOD 

2.1 Determination of the Geocentric Ecliptic Rates of 
Motion 

Let r, R, and Á vectors be defined between the Sun (5), 
Earth (£), and another solar system object (P) as shown in 
Big. 2, where r=SP, R=SE, and A=EP. Then define a 
right-handed Cartesian coordinate system with x (all vari- 
ables with a hat are unit vectors) pointing towards the Vernal 
Equinox, and z in the direction of the North Ecliptic Pole. In 
order to view the object P from the Earth, a telescope must 
be pointed in the direction A. Thus, r=R+A=R+AA, 
where A is the distance between the Earth and the object. If 
the pointing direction (A) is specified, then for every A there 
will be some set of (a,6,/) = (semimajor axis, eccentricity, 
inclination) for which it is dynamically possible to find an 
object at A (or, equivalently, r). In other words, only certain 
(a,ef) combinations can place an object at r. The range of 
allowed values is given by the following two equations: 

a(l — +£), 

sin i ^ —, 
r 

where rz is the z component and r is the magnitude of r. The 
first equation states that an object can only be found between 
perihelion and aphelion. The second equation represents the 
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972 R. JEDICKE: NEAR EARTH ASTEROIDS 972 

fact that it is impossible to find an object with a heliocentric 
ecliptic latitude which is greater than the inclination of the 
orbit. 

Given that an object resides at r and has orbital elements 
the speed (u), and magnitude of the angular mo- 

mentum (/0 are given by 

h1 = fAa(\ — e1), 

where , G is the Gravitational constant and is 

the mass of the Sun. 
In order to solve for the angular momentum vector (h) it 

is necessary to determine the longitude of the ascending node 
(O) which the orbit must have in order to place the object at 
r. If / and b represent the heliocentric ecliptic longitude and 
latitude of the object, respectively, then 

• u sm p = —, 
r 

where rx and ry are the x and y components of r, respec- 
tively. The ascending node for this object can then be deter- 
mined from Moulton (1914) 

dR 

Assuming the Earth is on a circular orbit, the magnitude of 
the Earth’s velocity is ^/n. The angular rate vector with re- 
spect to the Earth is 

Vrel 
W=T 

and the geocentric ecliptic rates of motion are then easily 
obtained by considering the projection of the angular rate 
vector onto the three unit vectors 

X.'= (-sin\',cos X',0), (la) 

yS=( —sin ß cos X', —sin ß sin \',cos ß), (lb) 

A=(cos ß cos \ \cos ß sin A/,sin /?), (1c) 

where X' is the geocentric ecliptic longitude with respect to 
opposition (X'=X-Xoppn, and Xoppn is the ecliptic longitude 
of opposition) and ß is the ecliptic latitude. These three vec- 
tors represent the geocentric directions of increasing ecliptic 
longitude, latitude and distance respectively. For objects 
which are not too close to the Earth the geocentric and topo- 
centric rates of motion will be very similar. Thus, the rates of 
motion in each direction for a geocentric observer are 

X' = coX', <? = (/ —fl) = sin 
tan b 
tan i i 

leading to two possible solutions ß=<aß, 

sin a12= ±sin(/H-ö), À=co-A. 

COS il12= ±COS(/ + 6>), 

where the “12” subscript on Í1 indicates that it has two pos- 
sible values: the “1” solution corresponding to the upper 
sign in each case, and the “2” designating the lower sign. 
For each of these two solutions there exists an angular mo- 
mentum vector whose three components are given by 

It is not difficult to show that these expressions reduce to 
those derived by Bo well et al (1990) at opposition assuming 
that the Earth is at R=(1,0,0): 

£=: 
r(r— 1) 

\la(l — e2) sin i, 

hx=h sin Cli2 sin /, 

hy=—h cos il12 sin /, 

hz = h cos i. 

Using the fact that h=rXv, it is easy to show that 

r(rv)-rXh 
v= 2  r 

and squaring both sides of this equation and solving for r-v 
yields 

:trVrV-/i2-rXh 

The combination of the two possible values of Cl with both 
solutions for r*v yields four possible orbits which can place 
an object with (a,e,i) at (r,A). 

The relative velocity of the asteroid with respect to the 
Earth is then 

• Vm Vö(l-e2) . . 
X= 7  COS l - 1 . 

r—l[r 

It is slightly more time consuming to prove that these equa- 
tions imply that the rate distribution for asteroids, (X',/?), 
will be mirror symmetric at any location with respect to the 
ecliptic. In other words, a plot of the rate distributions at 
(X',/3) will be the mirror reflection about jö=07day of the 
rate distribution at (X',—/?). Similarly, the rate distribution 
will be mirror symmetric about /3=07day under the transfor- 
mation X'—X'. The longitude and latitude symmetries 
agree for the most part with conventional wisdom, but the 
origin of this effect relies on a wonderful correlation between 
the four possible orbital solutions. In general, an object with 
v at (l,b) rotated in ecliptic longitude about the Sun to 
(-/,£) will not have the same apparent geocentric rates of 
motion. However, the set of four possible orbits at both lo- 
cations do agree with one another except for the mirror re- 
flection about ¡3-0°/day. 
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973 R. JEDICKE: NEAR EARTH ASTEROIDS 973 

2.2 Probability of Finding an Object in a Thin Geocentric 
Spherical Volume Element 

In this section the probability is determined that an object 
with orbital elements (a,e,i) will be found within a helio- 
centric bin at r=(rj,b) of extent (dr.dl.db). Since an ob- 
ject at perihelion is moving faster than at aphelion it is more 
likely to be found near aphelion than perihelion. Similarly, 
an object on an eccentric orbit is less likely to be found at a 
position near its longitude of perihelion. Finally, objects on 
inclined orbits spend a smaller fraction of their time, and are 
therefore less likely to be found, at small ecliptic latitudes. 

The probability that an asteroid has specific values of 
(a,ej) is determined in the next section. In this analysis the 
distribution of the other three orbital elements 
= (mean anomaly, argument of perihelion, longitude of the 
ascending node) are assumed to be independent and flat over 
their full ranges (0,2tt). In other words, the probability of 
finding an asteroid with mean anomaly in the range M—>M 
+ dM, argument of perihelion in the range œ^œ+do), and 
ascending node in the range íí—►ilH-dil, is given by 

P(M,ù),il)dMdù)dil = P(M)dM P(ù))dù) P(il)dn 

_ dM dû) dn 
277 277 277 ‘ 

The heliocentric radial distance (r) of an object depends 
only upon (a,e,M) and therefore the probability that an ob- 
ject with (a,e) will be found in the range r^r + dr is given 
by 

dM 1 dM 
P{r)dr = P(M)dM = P[M{r)] dr= — — dr. 

dr 2 77 dr 

Evaluating dM/dr, and recalling that an object will be in the 
desired range twice during an orbit (once while passing from 
perihelion to aphelion and again when returning), the radial 
probability density is given by 

77 a y]2ar — r2 + a2(e2— 1) 

^(^“Wj) 
¿=i 

d[b — b(M,ct))] 
dco 

where the cü¿ are the two zeros of the equation b — b(M,ú)) 
=0. Evaluation of this expression yields a probability density 
in ecliptic latitude of the form 

P(b)=^ 
cos b 

17 Vsin2 /-sin2 b 
(3) 

This equation is applicable to orbits with i^O and for b<i. 
For z'=0 it should be obvious that P{b)db=0 unless the 
ecliptic latitude range (b-^bFdb) spans b=ß=0 in which 
case P(b)db = l. 

The expression for the probability density in heliocentric 
ecliptic longitude might be guessed without a detailed calcu- 
lation but in the interest of completeness a few steps are 
given here. As for the ecliptic latitude calculation, the prob- 
ability density in longitude is given by 

f + TT f + ir f 
dM\ d(x)\ 

J — TT J — TT J ~ 

+ TT 
<¿íí<5[/ —/(w,Af,fl)], 

- TT 

where 

/(a>,M,f)t) = il + tan~1{tan[co+ v(M)]cos /} 

and, unlike the cases in radial distance and ecliptic latitude, 
an object is only at a specific heliocentric longitude a single 
time during an orbit. Integrating this expression yields sim- 
ply P(/) = 1/(277). 

The expressions for P(r), P(b), and P(l) integrate to one 
over the allowed ranges in each variable, and the combined 
expression for the probability density of finding an object 
with (a,ej) in a heliocentric bin at (r,/,b) is finally 

P(a,ef\rJ,b) 

The expression for the probability of finding the object in 
a range of heliocentric ecliptic latitude may be derived start- 
ing from 

sin Z? = sin i sin[co+j;(M)], 

where v is the true anomaly which depends upon (e,M). 
Since the ecliptic latitude is independent of Í1 the differential 
probability density is given by 

1 
dP= -—j dMdo). 

4 77Z 

Letting ¿?(M,íu)=sin_1{sin[w+i<M)] sin/}, the probability 
density in ecliptic latitude is given by the expression 

1 f+ 7r f+ 7r 

p(b)=T^\ dM\ dM8lb-b{M,(tí)]. 477 J —TT J -tt 

\ r 1 cos b 

2^ ö ^J2ar — r2 + a2(e2— 1) Vsin2 / — sin2 b 

The integration which follows requires a determination of 
the probability of finding an asteroid in a geocentric spheri- 
cal volume element. The geocentric pointing vector of the 
telescope is given by Eq. (1c) and A^AA. Let the field of 
view (or of interest) have a dimension in each direction of 
(d\\dß). 

The probability of finding an object with (a,e,i) in a thin 
geocentric spherical element of dimensions (dk,d\',dß) 
and location (A,\',/3) corresponding to a thin heliocentric 
spherical element of dimensions (dr.dfdb) and location 
(rjyb) is given by 

P{a,ef\k,\,,ß)dLd\,dß=zP(a,ef\rf,b)drdldb 

Integrating over the argument of perihelion requires convert- 
ing the argument of the delta function to one which is ex- 
plicitly dependent on œ so that 

= P(a,eJ;rJ,b) 

X 
d(rj,b) 

d(&X,ß) 
dkdX'dß, 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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974 R. JEDICKE: NEAR EARTH ASTEROIDS 974 

where the Jacobian of the heliocentric-geocentric transforma- 
tion has been introduced. The geocentric probability density 
is immediately identified as 

P(a,eJ;A,k',ß) = P(a,eJ;rJ,b) 
d(rj,b) 

where (rj,b) are evaluated at (A,X',/?). 
While the purpose of this derivation was to determine the 

probability that a new object is a NEA based upon its rates of 
motion given an (a,e,i) distribution, work is in progress to 
use the method to determine the orbital bias and magnitude 
bias of an asteroid search program. 

2.3 Model for the Orbit and Absolute Magnitude 
Distribution of Asteroids 

Let Pg(a,eJ)dadedi be the probability that an asteroid 
which is a member of a group g has orbital elements in the 
range (a—>a + daye->e + dej-*i + di). The probability 
density function Pg(a,eJ) should be determined from a de- 
biased distribution of orbital elements for all the asteroids of 
interest. The orbital distribution for each type of asteroid is 
determined independent of the total number of asteroids in 
the different classes so that 

g(a,eJ)dadedi= 1 

and the number of asteroids in a class g is determined by the 
unbiased distribution in absolute magnitude. 

Let ng(H)dH be the number of asteroids of class g in the 
absolute magnitude range H—+H+dH. Then the total num- 
ber of asteroids brighter than H' of class g in the orbital 
element range (a—^a + daye—^e-\-deJ-^i + di) is given by 

f H' P g(a,eJ)dadedi ng{H)dH. 

Unfortunately, a debiased distribution of asteroid orbits 
suitably normalized between the various classes does not ex- 
ist. Instead, this study considers five classes of asteroids as 
distinct groups: NEA, Mars Crossing (MC), Hungaria (HU), 
Main Belt (MB), and Trojan (TR). The experience of the 
Spacewatch surveys indicates that the MC and HU asteroids 
are most likely to cause confusion with a NEA identification 
and therefore deserve special consideration. 

The unbiased (a,ej) distribution for the Main Belt (2.1 
<a ^4.2) was obtained by using the existing set of numbered 
asteroids (6160 asteroids as of 1995 March 29) and applying 
an absolute magnitude cut at H=ll.O. This cut was moti- 
vated by Fig. 2 of Durda & Dermott (1995) which shows that 
relatively few of the asteroids discovered in the past forty 
years have #<11, implying that the known sample is almost 
complete to this absolute magnitude. The cut left 1371 aster- 
oids in bins 0.2 AU wide in a, 0.1 wide in e (e^O.9), and 
5.0° wide in i (i^lO). The choice of bin size was motivated 
by the existing information for the NBAs as described below 
and was used for all five sets of asteroids. 

The magnitude-frequency distribution for the bright 
(#^11) Main Belt asteroids was determined from the same 
set of asteroids binned in 0.5 mag intervals. The data was fit 
to a distribution of the form 

n(H)dH=(H-H0)
adH 

= 0 H<H0. 

This functional form provides a better fit to the data than the 
traditional e

mH+b and the H0 parameter is immediately iden- 
tified as being representative of the brightest asteroid in the 
group. The integrated number of asteroids to an absolute 
magnitude H is then simply 

N(H) = 
(if-ff0r

+i 

a+ 1 

For the MB asteroids, the fit yielded #0=3.8±0.1 and 
a= 3.33±0.03. In this and subsequent fits to the absolute 
magnitude distribution, the adopted value for H0 is always 
one for which a was fixed at a reasonable value. For the MB 
sample a was fixed at 3.33 yielding #0=3.75±0.03. 

The results of this study will be compared with the Space- 
watch survey which can detect kilometer sized asteroids 
within the MB. Asteroids in this size range have absolute 
magnitudes of about 18.4 (averaged over C and S type aster- 
oids using the albedos of Tholen & Barucci 1989). Since the 
MB asteroids form the largest number of Spacewatch detec- 
tions, their magnitude-frequency relation must be treated 
specially when extended to the limiting absolute magnitude 
of the system. 

The numbered asteroids show a distinct increase for 
#>11 above the extrapolation of the fit to the asteroids with 
#<11. This increase is confirmed by the Palomar Leiden 
Survey of Faint Minor Planets (van Houten et al. 1970) 
which is bias corrected through the entire MB in the range of 
about 10.5<#<15.0. A fit to their data in this range yields 
a=3.81 ±0.03—quite different from the value obtained for 
the bright MB asteroids. Other than the two half-magnitude 
intervals between absolute magnitudes 12 and 13 (which 
were excluded in the fit) the data points agree well with the 
fit over the range. The value of #0 in this # range was 
chosen to ensure that at #=11 the two functions agreed ex- 
actly. 

Extrapolating the MB magnitude-frequency relation to 
even fainter absolute magnitudes required the use of (as yet) 
unpublished but debiased data on the distribution of faint 
MB asteroids using Spacewatch data. For #> 14 the data is 
fit well by an exponential function of the form n(H)^10° 6H 

and the proportionality constant was chosen so 
that at #=14 the distribution agreed with that of the 
brighter asteroids. Table 1 summarizes the values for #0 and 
a for the five groups of asteroids considered in this section. 

While it is generally accepted that the known sample of 
Main Belt asteroids is complete to #~11 there has been no 
consideration as yet of the completeness of the Mars Cross- 
ing and Hungaria asteroids. Since the Hungaria asteroids 
(1.78^a^2.00, £^0.18, 16^z^34, as defined by Zellner 
et al 1985) occupy a relatively small volume of the (afe,i) 
space, it was assumed that the strong bias observed through 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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975 R. JEDICKE: NEAR EARTH ASTEROIDS 975 

Table 1. Parameters of the magnitude-frequency relation 
n(H)dH—(H—H0)a for the five different classes of asteroids considered. 
In each case the value of a was fixed at the value specified here after 
performing a fit where it was allowed to float. 

Asteroid Type Range of Fit Ho 

NEA 

Mars Grosser 

Hungaria 

Main Belt 

Trojan 

12.0 <H < 13.5 11.5 ±0.1 3.33 

10.5 <H < 12.5 9.85±0.09 3.33 

11.0 <H < 13.5 10.46±0.08 3.33 

5.0 < < 11.0 

11.0 <H < 14.0 

14.0 <H < 19.0 

3.75±0.03 3.33 

3.81 

0.6a 

7.0 < tf < 14.0 6.26±0.07 3.70 
aIn this range «(//)<* 10“^ 

the Main Belt would not be as dramatic for these asteroids. 
Therefore, all the known Hungaria asteroids (59) were used 
to determine the orbital distribution in (a,e,/) for this class. 
The same arguments about a relatively unbiased distribution 
for the Hungarias can not be applied to the Mars Crossing 
asteroids [1.3<a(l1.666 AU, as defined by Zellner 
et al 1985] since they may occupy an expansive region of 
the (a,e,i) space. However, there are so few MC asteroids 
that all known members (149) were included in defining their 
orbital distribution. 

The magnitude-frequency distribution for MC and HU as- 
teroids has not been published. Motivated by the same argu- 
ment used for MB asteroids, it was assumed that most of the 
brighter members of these two families are known and there- 
fore the magnitude-frequency relation in the first few mag- 
nitude bins is indicative of the group. The MC and HU as- 
teroid’s absolute magnitude distributions in 0.5 mag. bins 
were fit in the ranges 10.5^//=^ 12.5 and 11.0^//^ 13.5, re- 
spectively. The values of a so determined are consistent with 
the value for the brighter MB asteroids of 3.33. The H dis- 
tribution was then refit in the same range with »=3.33 al- 
lowing only H0 to float. 

The Trojan asteroids (5.05^0^5.40, Zellner et al 1985) 
are not expected to cause much confusion with a NEA iden- 
tification based upon rates of motion since they move even 
slower than MB asteroids. They are included in this study for 
completeness and because a small fraction of observable 
NEAs can have rates of motion consistent with an interpre- 
tation of a Trojan origin. Once again, the argument used to 
justify using all HU asteroids is applied equally well to the 
Trojan’s orbit distribution. There are 117 numbered Trojans 
in the list used here. However, the Trojans are only present in 
an observation region when it encompasses one of the L4 or 
L5 groups. Unlike the other four groups, the Trojan asteroids 
are not randomly distributed in their mean anomaly at any 
epoch since they maintain the appropriate separation from 
Jupiter. Removing the Trojans from consideration only in- 
creases the probability of identification of asteroids as NEAs, 
so they are included in this study as a worst-case scenario. 

The magnitude-frequency relation of the Trojans has been 
considered by Shoemaker et al (1989). They argued that the 

L4 Trojan sample at the time was complete to R(1,0)=9.75 
(corresponding to 77—8.75). A fit to the standard functional 
form used here for the absolute magnitude of all the num- 
bered Trojans in the range 7.0^77^9.0 yields »=3.7±0.2. 
In order to be consistent with the fitting technique used for 
the other classes of asteroids, a was fixed at 3.7 in a subse- 
quent fit yielding the results shown in Table 1. This value of 
a is consistent with the value derived for the (as yet) unpub- 
lished debiased magnitude-frequency distribution for Trojan 
asteroids using Spacewatch detections in the range 
9.0^77^14.0. Thus, a single value of a fits the distribution 
of Trojans over a change in diameter by a factor of about 25. 
In the L4 swarm alone Shoemaker et al (1989) expect 1000 
±200 asteroids to 7? (1,0) = 14 (77—13). The total expected 
number of Trojans to 77 = 13 using the functional form and fit 
given here yields about 1700 asteroids for the combined L4 
and L5 swarm, consistent with the Shoemaker expectation. 

The debiased differential orbital distribution of the NEAs 
was derived from that published by Rabinowitz (1994) for 
asteroids greater than about one kilometer in diameter. The 
integral P(a,e) and P(i) he presents (his Tables III and IV) 
are not in the standard form of an integral probability but 
may still be inverted to provide the differential distribution 
required for this study. 

Rabino witz et al (1994) estimate that the known popula- 
tion of NEAs brighter than 77=13.5 is complete. Once again, 
an estimate of the magnitude-frequency relation for the 
NEAs is obtained by fitting the known absolute magnitude 
distribution in the range 12.0^77^13.5 in 0.5 magnitude 
bins. A fit with floating a yields a value consistent with 

justifying a subsequent fit with fixed a=aMB. 
The expected total number of NEAs larger than one kilome- 
ter diameter using this fit is about 1000, consistent with re- 
cent estimates of about 1500 NEAs in this size range 
(Rabinowitz et al 1994). 

The method described above yields a debiased differential 
distribution in (a,e) space integrated over i for asteroids 
larger than one kilometer in diameter as shown in Fig. 3(a). 
For the purpose of integrating the final set of equations given 
below, an entire bin in the (a,e) space was assigned to the 
type of asteroid represented by the center of the bin. The 
NEAs are well distributed throughout the space below about 
3 AU in semimajor axis. Due to the requirement that the 
center of a bin defines the type of asteroid for the entire bin, 
the Hungarias appear to occupy only a single bin in (a,e). In 
reality, the Hungarias overlap in parts of two bins with the 
Mars Crossing asteroids. 

Similarly, Fig. 3(b) shows the debiased differential distri- 
butions in inclination integrated over (afe) for each of the 
five classes of asteroids. It shows that the NEAs possess a 
tail to very high inclinations as well as a peak in the range 
35o</^40°. It is not possible to determine the statistical 
significance of this structure given the information provided 
by Rabinowitz (1994). The Mars Crossing asteroids are the 
group for which the debiasing procedures used here are least 
applicable. One half of all the known MC asteroids appear in 
the prominent peak in the range 20o</^30°, very near the 
same region of inclinations occupied by the Hungarias. How- 
ever, Fig. 3(a) shows that only 15% of the MC asteroids in 
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Fig. 3. Debiased differential distribution for asteroids greater than 1 km in 
diameter used in this study. The NEA distribution was derived from 
Rabinowitz (1994) and the distribution for all the other asteroids was deter- 
mined from the set of numbered asteroids: (a) The fractional distribution of 
asteroids in (a,e) within each group is indicated by the size of the boxes. 
The curves delineate the different groups of asteroids; (b) The fractional 
distribution in inclination for the five groups of asteroids considered in this 
study. 

the peak occur in the range of (a,e) defining the Hungarias, 
while one-half of them appear to be a high-eccentricity type 
of Phocaea with eccentricity in the range 0.29=^^ ^0.40. The 
Hungarias occupy a limited but relatively high region in in- 
clination space. It is their high inclination and presence on 
the inside of the Main Belt which may cause confusion with 
the NBAs. The last histogram in Fig. 3(b) illustrates the well- 
known observation that the Trojans have a higher mean in- 
clination than the MB asteroids. 

While every effort has been made to ensure that the model 
asteroid distribution accurately reflects the actual orbital el- 
ement distribution, it must be remembered in the ensuing 

discussion that there are large extrapolations of the known 
populations to the faint magnitude limits of detection sys- 
tems like Spacewatch. This point is well illustrated by the 
difficulties of extending the MB magnitude-frequency rela- 
tion beyond the completeness limit of the numbered aster- 
oids. A simple extrapolation of the known distribution to the 
magnitude limit of Spacewatch yields far too few observable 
asteroids per square degree on the sky. It is quite probable 
that the extrapolation of the relation for the other sets of 
asteroids is equally problematic. 

For instance, Rabinowitz et al. (1993) hold that there ex- 
ists a belt of small NBAs with orbital elements similar to the 
Earth’s. Further, Rabinowitz (1994) claims that there is a 
strong enhancement in the number of NBAs per absolute 
magnitude interval for the small objects (<100 m diameter). 
These effects would enhance the number of observable 
NBAs in this simulation. The problem is avoided by only 
considering the detection of NBAs greater than 100 m in 
diameter. These observations may be real or an artifact of the 
debiasing procedure, but they are probably the best available 
in the literature and are used here subject to the aforemen- 
tioned caveats. 

2.4 Determining the Probability that an Asteroid is a NEA 
Based Upon its Rates of Motion 

The number of visible objects {rj) of type g with rates in 
the range fk’+ d\r,ß+ dß) when examining a re- 
gion of extent (d\',dß) in the direction A and using a de- 
tection system with limiting magnitude Vlim is given by 

r)g(\',ß\\'yß)d\' dß di’dß 

-U JA jdaj de I di Pg(a,eJ) P(a,eJ;&,'kf,ß) 

rm(H) = V]im 
XdAdX'dßl dH ng(H) (\->\ + d\,ß->ß+dß) * 

(k->\ + d\,ß->ß+dß) 

The condition on the integral requires that the (A,a,e,i) 
combination generates an object in the range of interest in 
both sky plane location and rates of motion. The limit on the 
integral over the absolute magnitude [m(H) = Vlim] specifies 
the value of H at (r,A) which produces an object with an 
apparent visual magnitude at the limit of the system. This 
study does not take into account the decrease in apparent 
visual magnitude per unit imaging area with the rate of mo- 
tion of the object. The apparent visual magnitude m of an 
object with absolute magnitude H was determined according 
to the lAU’s Two-Parameter Magnitude System for Asteroids 
(Bowell et al. 1989) using a slope parameter of 0.15. Each of 
the integrals in this equation need only be evaluated over the 
range for which the two probability functions within the in- 
tegrand are nonzero. 

The probability P(g) that an asteroid found in the direc- 
tion A, with extent (d\r,dß), and rates of motion in the 
range (\f + d\r,ß^>ß+dß) is an asteroid of type g is 
given by 
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p(g)(y,ß-x 
Vg(\\ßX,ß) 

Zg, Vg,(\\ß'X,ß)' 

Thus, at any location in the sky, it is possible to define the 
probability that a newly discovered object is a NEA based 
upon the contemporary debiased distribution of asteroid or- 
bits. Defining a cut on the probability (Pcut) that an object is 
a NEA, it is possible to determine the most efficient location 
for detecting NBAs on the sky plane based on their rates of 
motion. 

Finally, the number of NBAs distinguished by their rates 
of motion within X+dk\ß^ß+dß) is determined by 
integrating for that location over the X ,ß) space for 
P(NEA>Pcut: 

^nea(^'^) dk'dß 

= d\,dß dß VwEhX ißX >ß) 
P(NEA)^Pcut 

3. RESULTS 

The integrations were carried out on a grid spacing of 
20X2° in ecliptic latitude and longitude with respect to op- 
position with {d\ ’ ,dß) = (\0,\0)' At each location the X\ß) 
space was divided into (160,240) bins in the ranges 
-27day^X^+27day and -37day^^+37day yielding a 
resolution of 0.025°/day. A separate counter was used to keep 
track of when the calculation produced an object whose rates 
of motion fell outside these ranges. Changing the limits on 
the range in rates or binning in X ,ß) has an insignificant 
effect on the results. The step sizes m(a,e,i) were (0.05 AU, 
0. 025, 1.0°) and the integration over A was in the range 0.01 
AU to a heliocentric distance of 6.0 AU in steps of 0.01 AU. 
In order to avoid singularities for /=0 in Eq. (3) the mini- 
mum allowed inclination was set at one-half the step size in 
1. 

The particular step values were chosen based upon their 
effect on the total integration time, the memory limitations of 
the computer, and resolution of the output. A few longer 
integrations, using step sizes which required more than 300 
times the computing time, and over 20 times the resolution in 
the X ,ß) space, indicate that the solutions presented here 
are stable. In order to allow a comparison with the simula- 
tions of Bowell & Muinonen (1994) the main integration was 
carried out requiring that the discovered NBAs have 

19.88 corresponding roughly to their lower limit of 500 
m on the diameter of NBAs. 

Figure 4(a) shows the distribution of NEA identification 
probability in (X',ß) space for objects at opposition. Confi- 
dence level (C.L.) contours are drawn at 10%, 50%, and 90% 
corresponding to false:real detection ratios at roughly the 
10:1, 1:1, and 1:10 level. The region outlined by the thick 
line is the same as in Fig. 1, corresponding to the rates typi- 
cally avoided by the Spacewatch observers at opposition. 
This calculation agrees very well with the boundary of the 
interesting NEA rates on the left side of the Spacewatch zone 
and is almost superposed on the 50% NEA probability curve. 

There is also very good agreement on the right side of this 
zone at the 50% C.L. The spur which shows <90% probabil- 
ity for objects with very small latitudinal rates of motion and 
positive rates of longitudinal motion is an artifact due to the 
low inclination cut off in the integration. 

Due to the relatively high inclination distribution of the 
Mars Crossing and Hungaria asteroids, they can display fast 
rates of motion in ecliptic latitude extending much further 
than the region typically avoided by Spacewatch observers. 
The distribution displays a characteristic butterfly pattern and 
is a mirror reflection about an ecliptic latitude rate of 07day 
as expected. 

The four plots in Fig. 4 have been smoothed at one ninth 
the resolution of the original integration in order to reduce 
the raggedness of the curves. The residual raggedness is due 
to a variety of factors—mean motion and secular resonances, 
incompletion of the debiased orbital distributions, and the 
step size used in the integrations. 

Figures 4(b)-4(d) show the same probability contours at 
(X',/3) of (+45°,0°), (+45°,+20°), and (+45°,-20°), re- 
spectively. The shape of the C.L. contours change markedly 
from those at opposition. On the ecliptic, but removed from 
opposition, the contours appear to widen in longitudinal rate, 
and moving away from the ecliptic the rate plots seem to 
rotate about (X',/S) = (0°,0o)/day. As expected, the contour 
distributions are mirror symmetric about jß=07day for 
ß= ±20°. The spreading of the rate distribution for all aster- 
oids increases the confusion with the NBAs. 

These figures allow a detection program to quantify the 
NEA identification probability for any asteroid using a con- 
temporary debiased distribution of asteroid orbits. This abil- 
ity is important to the debiasing of the program’s discoveries 
to eliminate the subjective question of whether or not to 
follow an object on subsequent nights. A difference in judge- 
ment for discarding NEA candidates from observer to ob- 
server, or even from night to night by a single observer, will 
affect the bias of the observations. 

Figures 4(a)-4(d) illustrate the usefulness of this tech- 
nique for NEA surveys in terms of quantifying and selecting 
asteroids which are potentially NBAs. At the same time, 
these calculations provide a wealth of data useful for plan- 
ning asteroid or NEA surveys and may be compared to the 
data obtained with the Spacewatch detector system which 
has a limiting magnitude of about 21. 

Figure 5 shows contours of the sky plane density of as- 
teroids (per sq. deg.) in ecliptic latitude and longitude rela- 
tive to opposition. The integration predicts about 30 
asteroids/sq. deg. at opposition. This agrees well with the 
actual number detected by Spacewatch of about 20 per sq. 
deg. after taking into account the mean efficiency of asteroid 
detection (about 65%). Notice that the sky plane density of 
asteroids decreases faster out of the plane of ecliptic than it 
does in the direction of increasing longitude. 

The calculated sky plane density of all NBAs with abso- 
lute magnitudes less than 19.88 is shown in Fig. 6(a). At 
opposition there should be about 0.013 NBAs per sq. deg. to 
limiting visual magnitude 21, implying that about 77 sq. deg. 
of sky need to be scanned to ensure a NEA detection of this 
size or larger. These numbers agree very well with those 
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Fig. 4. Confidence level contours for detection of NBAs based on their rates of motion in the (k',¡3) plane for a system with detection limit Vjim=21 and for 
asteroids with 19.88 (corresponding to diameters greater than about 500 m). The contour levels indicate that any asteroid outside of the contour has greater 
than the contour probability of being a NBA. Contours are drawn at the 10%, 50%, and 90% confidence level corresponding roughly to false detections at the 
10:1, 1:1, and 1:10 level: (a) C.L. curves for NBA motion vectors at opposition. The region outlined by the superposed dark curve is typically avoided by 
Spacewatch observers; (b) C.L. curves for NBAs 45° from opposition in longitude and on the ecliptic; (c) C.L. curves for NBAs 45° from opposition in 
longitude, and at an ecliptic latitude of +20°; (d) C.L. curves for NBAs 45° from opposition in longitude, and at an ecliptic latitude of -20°. 

from Bowell & Muinonen (1994). The number density of the 
NBAs falls much more slowly with latitude than the density 
of non-NBAs (Big. 5). This fact might lead to the conclusion 
that it is more effective to scan at high ecliptic latitudes than 
near the ecliptic. The statement is true for NBA detection 
programs which rely on rates of motion to distinguish aster- 
oids, and which would otherwise be swamped by the total 
number of detections and measurements necessary to deter- 
mine the rates for all the asteroids in the field of view close 
to the ecliptic. The real-time detection routines of Space- 
watch are capable of handling the data acquisition and analy- 
sis for all the stars and asteroids in the field of view as long 
as the star density is not too great. This limits detection to 
galactic latitudes of more than about 25°. 

Note that the sky plane density of NBAs begins to in- 

crease along the ecliptic more than about 30° from opposi- 
tion due to a couple of factors. The volume of NBA space 
increases as the search area moves away from opposition, 
and the apparent brightness of an asteroid increases with 
phase angle (the angle between the Sun and Earth as viewed 
from the asteroid) at a fixed geocentric distance. 

Bigure 6(b) is most applicable to programs like Space- 
watch. It shows the sky plane density in number of detect- 
able NBAs per square degree as the search area moves away 
from opposition. A detectable NBA in this context is one 
which displays rates of motion which distinguish it from 
other asteroids at the 90% confidence level. Clearly, the best 
place to search for NBAs in this manner is at opposition 
where about 120 sq. deg. of sky must be searched to ensure 
a NBA detection. 
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Fig. 5. Number of non-Near Earth asteroids per square degree to Vlim=21 as 
a function of ecliptic latitude and longitude with respect to opposition. 

The results displayed on Fig. 6(b) may be compared to the 
Spacewatch search which has discovered a total (as of 1995 
May 28) of 97 NBAs of which about half are larger than 500 
m in diameter. These NEAs were culled from the total 
sample of about 120 000 asteroids based upon their rates of 
motion, implying a ratio of all asteroids to larger NEAs of 
about 2400:1. A representative ratio predicted from these cal- 
culations is obtained from Figs. 5 and 6(b) at about 6° lati- 
tude and 10° in longitude yielding a ratio of about 1550:1. 
The predicted and observed ratios are in remarkable agree- 
ment, especially considering the facts that Spacewatch ob- 
servers have not been using a quantitative measure of NEA 
identification to select follow up candidates, the lack of de- 
biased orbital and magnitude information for the various as- 
teroid classes, and the efficiency of the Spacewatch detection 
system. 

Hypothetical detection systems which might have diffi- 
culty dealing with a large number of asteroids in the field of 
view could consider Fig. 6(c) which shows the fraction of all 
asteroids which are NEAs on the sky plane. At opposition, 
and to magnitude 21 for NEAs >500 m diameters, the NEAs 
make up a very small fraction of the total number of objects 
found. However, at 25° ecliptic latitude and 55° longitude 
from opposition, one in a hundred asteroids is a NEA—of 
course, finding 100 asteroids this far from opposition would 
take a long time. The same reasoning applies when forced to 
observe away from high-density star regions near the Milky 
Way. 

The fraction of observable NEAs which are detectable by 
motion at the 90% C.L. is shown in Fig. 6(d). Even though 
the sky plane density of NEAs increases beyond 30° longi- 
tude from opposition, the fraction of NEAs distinguishable 
by their rates of motion continues to decrease. 

The probability of finding a NEA per sq. deg. is, of 
course, dependent on the limiting magnitude of the detection 
system. Figure 7(a) shows how the probability per square 
degree of detecting a NEA by motion (i/^ 19.88) varies as a 

function of the limiting magnitude of the system and ecliptic 
longitude with respect to opposition along the ecliptic. Once 
again, this calculation does not take into account the de- 
crease in apparent magnitude per unit area on the image due 
to trailing of the object. A roughly sixfold decrease in the 
sensitivity of the detection system (^„^=19) would corre- 
spond to a decrease in detectable NEAs by a factor of less 
than three at opposition. Similarly, increasing the magnitude 
limit to 23 yields about 1.6 times more NEA per square 
degree. 

The NEA detection probability decreases monotonically 
with longitude from opposition for the detection systems 
with limiting magnitudes of 19 and 21 but increases to a 
local maximum for Flim=23. This effect is due to the inter- 
play between the total number of observable NEAs as shown 
in Fig. 6(a), the increase in the total number of asteroids with 
absolute magnitude, the increase in volume searched as the 
detection region moves away from opposition, and the de- 
pendence of the apparent magnitude on the phase angle and 
distance of the asteroid. Since these calculations reflect de- 
tection of asteroids >500 m in diameter, it raises the pros- 
pect that efficient detection of larger NEAs with large tele- 
scopes might best be accomplished relatively far from 
opposition. 

Detecting asteroids of 19.88 is of interest because the 
results allow comparison with other studies and because this 
size range of asteroids pose a real hazard to the safety of the 
Earth. Increasing the minimum detected asteroid size re- 
quirement to one kilometer corresponds to 18.37 and an 
increase of almost an order of magnitude in the energy of the 
impacting asteroid. Decreasing the size limit to only 100 m 
(#~23.37) reduces their danger while increasing the fre- 
quency of impact of objects within the size range. They pose 
a regional threat and are interesting from the scientific view- 
point of their origin, evolution and makeup. Figure 7(b) 
shows how the detection probability of NEAs varies as a 
function of the limit on the absolute magnitude of the de- 
tected objects and as a function of ecliptic longitude with 
respect to opposition. Decreasing the absolute magnitude by 
five merely doubles the number of detectable asteroids at 
opposition. Smaller and fainter objects must be closer to the 
Earth in order to be observable. This means that they are 
moving faster and spend less time in the search volume 
which itself decreases as they approach the Earth. 

The NEA detection probability per sq. deg. is not particu- 
larly sensitive to the confidence level of the NEA identifica- 
tion using this technique. Figure 7(c) shows the variation of 
this parameter as a function of ecliptic longitude with respect 
to opposition and for three representative values of the prob- 
ability cut. Decreasing the probability cut from 0.9, where 
only 1 in 10 NEA candidates will turn out to be false, to 0.5 
where every other candidate will not be an NEA, increases 
the probability of detecting a NEA by only about 10% at 
opposition. This is due to the relatively sharp change in NEA 
probability where the NEA density is highest in the (X',/3) 
plots [where ¡3—0 and \'<-0.37day in Figs. 4(a)-4(d)] and 
the fact that the density of available NEAs is small where the 
probability contours change slowly. In principle, these results 
imply that a NEA detection program can tune 
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Fig. 6. (a) Number of NBAs with #=£19.88 per square degree to Vlim=21 as a function of ecliptic latitude and longitude with respect to opposition; (b) As 
in (a) but for detectable NBAs as defined in the text; (c) The fraction of all asteroids which are detectable NBAs with #=£19.88 per square degree to Vr

lim=21; 
(d) As in (c) but the fraction of detectable to total NBAs. 

the false detections to a value which maximizes their detec- 
tion rate after taking into account the time required for 
follow-up activities. 

Ninety degrees from opposition, in the direction of the 
Earth’s motion, where Hills & Leonard (1995) predict very 
small rates of geocentric proper motion for asteroids which 
will impact in ten days, most of the visible MB asteroids are 
moving prograde at about 12 arcmin/day and very few have 
rates of motion <5 arcmin/day. Any object whose motion is 
detectable and moving very slowly (recall that Spacewatch 
can find objects moving at ~2 arcmin/day) would be a can- 
didate for a likely NEA and possible impactor. Since they 
derive that the reflex motion of these asteroids will be com- 
parable to the maximum geocentric proper motion, it is 
likely that many of these impending impactors can be de- 
tected by a system similar to Spacewatch using rates of mo- 
tion for identification. 

Some comparison has already been made between the 
predictions of this calculation and the Spacewatch results but 
the litmus test should be the utility of the integrations and 
probability levels for a search program. Figure 8 shows the 
calculated probability of a NEA identification for 100 Space- 
watch objects (a few of which were accidentally recovered, 
or were already known NEAs) at the time of discovery. The 
heavily shaded portion of the histogram is most applicable 
here since these objects have an absolute magnitude brighter 
than 19.88. For the brighter NEAs, and even more so for all 
the objects, there is a large spike in the last bin of probability. 

Twenty-four of the 37 objects with 19.88 had a NEA 
probability >90% at the time of discovery according to these 
calculations. Six Spacewatch NEAs had a discovery prob- 
ability calculated with this method of less than 50%. Three 
of these objects were found near opposition and had very 
low rates in ecliptic latitude while their longitudinal rates 
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Fig. 7. The probability of detecting a NEA per square degree based only on 
its rates motion as a function of ecliptic longitude from opposition for: (a) 
three values of the system limiting magnitude; (b) three values of the lim- 
iting absolute magnitude of detected asteroids and; (c) three values of the 
confidence level cut on a NEA identification. 

NEA Probability for Spacewatch Objects 

Fig. 8. The calculated probability for 100 NBAs detected by Spacewatch. 
The heavily shaded region corresponds to those NBAs with 19.88. 

place them to the left of the “V” in Fig. 1. This is precisely 
the region where the probability contours are changing rap- 
idly and the calculation is most sensitive to the orbital and 
absolute magnitude distributions for the various asteroids. It 
is also interesting to note that all three of these discoveries 
took place at the outset of the Spacewatch program when the 
false NEA identification rate was greatest. Allowing a lower 
probability for NEA candidates would increase the discovery 
rate. The other three of the six asteroids with less than 50% 
probability were discovered relatively far from opposition, 
about 21°, 39°, and 72°. Spacewatch observers are forced 
into scanning far from opposition when it is low in the sky 
and when the density of stars in the Milky Way interferes 
with the detection routine’s capability. Under these circum- 
stances the total rate of asteroid detections (and NEA detec- 
tions) decreases dramatically and the observers cannot rely 
strongly on their experience gained mostly near opposition. 
It is not surprising that the NEA probability also drops for 
asteroids found under these conditions. 

Accurate records are not kept of the number of false de- 
tections made at Spacewatch, but roughly 240 asteroids have 
been followed in order to make positive identifications of 97 
NBAs. This ratio corresponds to a NEA probability required 
by an average Spacewatch observer of about 40%, consistent 
with Fig. 8. In the beginning of the program this number rose 
quickly from 20% to 30%. 

4. CONCLUSIONS 

The debiasing of Spacewatch data (and of other similar 
programs) is a difficult process subject to many consider- 
ations. Adopting a quantitative measure of the NEA probabil- 
ity as outlined here will increase the effectiveness of the 
discovery programs and benefit the analysis. The efficiency 
of the system may be measured as a function of the magni- 
tude and rates of motion of the asteroid, but it may also 
depend on factors such as the local star density in an image 
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and the subjective choice of which NE A candidates to fol- 
low. Thus, in order to maximize the efficiency of a NEA 
discovery program, and to reduce the problems inherent in 
the debiasing of the data, existing and future detection pro- 
grams which rely on the rates of motion for identification 
should consider adopting a procedure such as the one out- 
lined here. 

The probability that any asteroid is a NEA may be deter- 
mined based solely on its rates of motion. This method al- 
lows a discovery program to determine beforehand a false 
detection rate of NBAs and, by considering the time required 
for followup of each candidate, maximize the discovery rate 
in terms of the confidence level cutoff on the NEA identifi- 
cation. Implementation of this technique reduces the bias in- 
herent to the data, simplifying analysis of the discoveries. 
The Spacewatch results are in good agreement with the 
present calculations. 

A system similar to the 0.9 m Spacewatch telescope with 
a limiting magnitude of 21, searching for NEAs larger than 
about 500 m diameter, will be most effective at finding them 
towards opposition. Larger aperture systems (such as the 
new 1.8 m Spacewatch Telescope currently under construc- 
tion) may find that it is most effective to search about 45° 
east or west of opposition due to the increased volume of 
NEA space which is searched, and the increase of brightness 
for asteroids at constant geocentric distance but increasing 
phase angle. 
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