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A recently published model of the Near Earth Object (NEO)
orbital–magnitude distribution (Bottke et al., 2002, Icarus 156, 399–
433.) relies on five intermediate sources for the NEO population:
the ν6 resonance, the 3 : 1 resonance, the outer portion of the main
belt (i.e., 2.8–3.5 AU), the Mars-crossing population adjacent to the
main belt, and the Jupiter family comet population. The model
establishes the relative contribution of these sources to the NEO
population. By computing the albedo distribution of the bodies in
and/or near each of the five sources, we can deduce the albedo dis-
tribution of the NEO population as a function of semimajor axis,
eccentricity, and inclination. A problem with this strategy, however,
is that we do not know a priori the albedo distribution of main
belt asteroids over the same size range as observed NEOs (diameter
D < 10 km). To overcome this problem, we determined the albedo
distribution of large asteroids in and/or near each NEO source re-
gion and used these results to deduce the albedo distribution of
smaller asteroids in the same regions. This method requires that we
make some assumptions about the absolute magnitude distributions
of both asteroid families and background asteroids. Our solution
was to extrapolate the observed absolute magnitude distributions
of the families up to some threshold value Hthr, beyond which we
assumed that the families’ absolute magnitude distributions were
background-like.

We found that Hthr = 14.5 provides the best match to the color vs
heliocentric distance distribution observed by the Sloan Digital Sky

Survey. With this value of Hthr our model predicts that the debiased
ratio between dark and bright (albedo smaller or larger than 0.089)
objects in any absolute-magnitude-limited sample of the NEO pop-
ulation is 0.25 ± 0.02. Once the observational biases are properly
taken into account, this agrees very well with the observed C/S ratio
(0.165 for H < 20). The dark/bright ratio of NEOs increases to 0.87±
0.05 if a size-limited sample is considered. We estimate that the total
number of NEOs larger than a kilometer is 855 ± 110, which, com-
pared to the total number of NEOs with H < 18 (963 ± 120), shows
that the usually assumed conversion H = 18 ⇔ D = 1 km slightly
overestimates the number of kilometer-size objects.

Combining our orbital distribution model with the new albedo
distribution model, and assuming that the density of bright and
dark bodies is 2.7 and 1.3 g/cm3, respectively, we estimate that the
Earth should undergo a 1000 megaton collision every 63,000 ±
8000 years. On average, the bodies capable of producing 1000
megaton of impact energy are those with H < 20.6. The NEOs
discovered so far carry only 18 ± 2% of this collision probability.
c© 2002 Elsevier Science (USA)
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32
The Near Earth Object (NEO) population is defined as the en-
semble of small bodies with perihelion distance q < 1.3 AU and
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are essential to our interpretation of the cratering records of the
330 MORBIDEL

aphelion distance Q > 0.983 AU. It is believed that the NEOs
with semimajor axis smaller than that of Jupiter are mostly as-
teroids escaped from the main belt, although some may be ex-
tinct cometary nuclei (see Morbidelli et al. (2002) for a review).
Like the main belt asteroids, the NEOs show a variety of tax-
onomic classes, which depend on their chemical and physical
composition. Some of them (mostly S-class) have high albe-
dos, while others (mostly C-class) have a low reflectivity. In
this paper we will categorize the NEOs as “bright” and “dark”
bodies, according to their albedo being higher or lower than
0.089, a threshold defined by Tedesco (1994) as the minimum
of the bimodal IRAS asteroid albedo histogram, which effec-
tively separates C-class from S-class asteroids. In terms of tax-
onomic data, following the work of Bus (1999), we consider
that the bodies of class A, K, L, O, Q, R, S, V, Xe, and Xk
are bright while the bodies of class B, C, D, T, and Xc are
dark.

The debiased proportion of dark and bright bodies in the NEO
population is not yet known. Of the ∼1500 NEOs discovered so
far, taxonomic data have only been published for ∼200. The
albedo or taxonomic distribution observed in this small sample
cannot be considered representative of the distribution of the
whole population because of several biases. One bias that needs
to be accounted for is the phase angle effect (e.g., Bowell et al.
1989, Luu and Jewitt 1989).1 It can be explained as follows. Let
us assume that a bright and a dark body share the same abso-
lute magnitude H . When the dark body is observed at a large
phase angle, its visual magnitude V is slightly fainter than the
bright body in the same position. Because many NEO discov-
eries occur at quite large phase angles, this bias may favor the
discovery of bright bodies over the dark ones. A second and
possibly more important bias is that many dark NEOs should be
on orbits with large semimajor axis, because they are supplied
mainly by the outer belt and the extinct cometary populations
(Bottke et al. 2002). Bodies on large-a orbits are generally more
difficult to discover than bodies with the same absolute mag-
nitude on orbits with smaller semimajor axis (Jedicke 1996).
Therefore, these two biases make the observed dark/bright ra-
tio (called robs hereafter) smaller than rH , the true ratio for an
absolute-magnitude-limited sample of the NEO population. Fi-
nally, a third bias should be taken into account if one wants to
relate robs to the true dark/bright ratio for a size-limited sample
of the NEO population, rD: dark bodies have a fainter absolute
magnitude than bright bodies with the same size and therefore
they are much harder to discover.

The first attempt to debias the observed dark/bright ratio of
NEOs was made by Luu and Jewitt (1989). For this purpose,
they uniformly distributed fake NEOs in a geocentric sphere of

radius 1.5 AU. The NEOs were generated following various size
distributions, up to a given size. Luu and Jewitt also assumed

1 The phase angle is the angle between the the Sun–object and Earth–object
lines, which is equal to 0 if the observation occurs at opposition.
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that bright NEOs have albedo pv = 0.15 and slope parameter2

G = 0.25, while dark NEOs have p = 0.047 and G = 0.15.
They considered that a NEO is discovered if its solar elongation
is larger than 90◦ and its visual magnitude is brighter than V =
15.5. They found that when 45 NEOs (the number known at
that time!) were discovered in their simulation, robs was reduced
with respect to rD by a factor of 5.6–5.9, depending on the
choice of size distribution. From the few taxonomic observations
available at the time, Luu and Jewitt estimated that robs ∼ 0.1,
which implied rD ∼ 0.6. The error bars in this computation were
large due to limited statistics, such that a main-belt-like ratio of
rD ∼ 1.5 could not be ruled out.

A second attempt to determine the dark/bright ratio was made
by Shoemaker et al. (1990). Taking the phase angle distribution
of Earth crossers at their time of discovery, Shoemaker et al.
(1990) estimated that, on average, the absolute magnitude of
C-class asteroids is about 0.16 magnitude brighter than that of
S-class asteroids for a given apparent magnitude at the thresh-
old of detection. Therefore, for objects of the same absolute
magnitude, the average limiting distance of detection is about
1.07 times greater for S-class objects than for C-class, and the
average search volume is 1.24 times greater. These values were
used as the bias relating robs to rH . Shoemaker et al. estimated
that robs = 0.35 (which is different—for some unknown reason—
from the estimate made by Luu and Jewitt), which allowed him
to calculate a value of rH ∼ 0.4. Taking into account the differ-
ence in mean albedo between dark and bright bodies, and as-
suming a reasonable size distribution, these values correspond
to rD ∼ 1.5.

Determining the debiased dark/bright ratio is not just a mat-
ter of curiosity. At present, it is believed that the number of
NEOs with H < 18 is ∼1000 and that the cumulative number
of objects grows as 100.35H (Rabinowitz et al. 2000, Bottke et al.
2000, 2002, D’Abramo et al. 2001, Stuart 2001). Understanding
the distribution of NEO albedos would allow us to convert this
H -distribution into a size distribution and ultimately into a mass
distribution. This last conversion is now possible thanks to the
sharp correlation between bulk density and taxonomic class,
revealed by in situ measurements of Ida (Belton et al. 1995),
Mathilda (Yeomans et al. 1997), and Eros (Thomas et al. 2000)
and asteroid satellite observations (Merline et al. 1999). [For a
review of asteroid bulk density measurements, see Britt et al.
(2002).] In essence, the bulk density of bright S-class asteroids
is ∼2.7 g/cm3, while that of dark C-class bodies is ∼1.3 g/cm3.
Ultimately, the NEO mass and orbital distributions can be used
to compute the collision rate as a function of impact energy on
the Earth as well as the other terrestrial planets. These values
terrestrial planets (a subject of a forthcoming paper). In addition,

2 The slope parameter controls how the apparent brightness of the object
decays with increasing phase angle. Bodies with large slope parameter are
brighter than bodies with small slope parameter, for the same values of absolute
magnitude, phase angle, and heliocentric distance. See Eq. (5).
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these rates can also be used to assess the hazard to our civilization
from NEO impacts (the purpose of this work).

The reason for updating the Luu and Jewitt and Shoemaker
et al. estimates is twofold. First, a spectacular increase in the
number of known NEOs has been achieved over the last 10 years.
The current completeness of the H < 18 population is about
45%. The biases that relate robs to rH and rD must change with
the completeness of the known population, such that they disap-
pear when 100% completeness is reached. Therefore, the values
estimated at the end of the 1980s need to be updated so that they
can be used to debias the current value of robs. Second, we now
have the potential to do a much more sophisticated job than be-
fore, such that we can estimate the albedo distribution not only
for the NEO population as a whole but also as a detailed function
of the orbital distribution.

Much of the work we present here takes advantage of a model
of the NEO orbital-magnitude distribution developed by Bottke
et al. (2002). This model assumes that the NEO population is
currently in steady state and that it is sustained by the continu-
ous influx of material coming from five intermediate sources.
Four of these sources are related to the main asteroid belt:
(i) the ν6 resonance population at the inner edge of the belt,
(ii) the 3 : 1 resonance population at 2.5 AU, (iii) the Mars-
crossing population with q > 1.3 AU and semimajor axis and
inclination distributions that mimic those of main belt aster-
oids, and (iv) the outer belt population with 1.3 < q < 2.4 AU.
The fifth intermediate source is the extinct Jupiter family comet
population, which has a trans-Neptunian provenance. The model
predicts (with error bars) the NEO population (i.e., number of
NEOs as a function of H ) in a network of cells in the (a, e, i)
space and the relative contributions of the five intermediate
sources to the population in each cell. Thus, if we have a reli-
able estimate of the albedo distribution inside each intermediate
source, we can easily compute the albedo distribution in each
NEO cell.

To estimate the albedo distribution in each NEO intermediate
source, we use the main belt Statistical Asteroid Model (Tedesco
et al. 2002a). In Section 2 we describe the guidelines along
which this model has been constructed and we show that the
albedo distribution in the main belt—and therefore also inside
the NEO sources—critically depends on one parameter (called
Hthr). To determine its value, we compare the dark/bright ratio
as a function of the heliocentric distance in the main belt with
the observations of the Sloan Digital Sky Survey (SDSS) (Ivesić
et al. 2001). We also compare the resulting dark/bright ratio in
our NEO population model with the observed ratio after taking
into account the observational biases. Once the parameter’s value
is fixed, we detail the albedo distribution of the NEO population.
In Section 3 we compute the number of NEOs larger than 1 km
in diameter in subregions of the NEO space and their dark/bright
ratio rD . We also compare their orbital distribution with that of
the NEOs with H < 18. In Section 4 we compute the frequency

of collisions as a function of their energy. In particular we focus
on collisions carrying a kinetic energy larger than 1000 megaton
IMPACT HAZARD 331

TNT and compute the frequency of such collisions as a function
of the orbital parameters of the impactors.

2. THE NEO ALBEDO DISTRIBUTION MODEL

Observational data on the albedos of main belt asteroids only
exist for relatively large bodies. For instance, IRAS observa-
tions are limited to asteroids with H < 13 and cover a severely
incomplete population starting from H ∼ 11. The NEOs, on the
other hand, are almost all fainter than H = 13. We cannot say
at this time whether the albedo distribution of big asteroids is
representative of the albedo distribution of much smaller bodies.
While most big asteroids (D > 50 km) are primordial objects,
the smaller ones are mostly fragments of bigger bodies that have
been disrupted over the lifetime of the Solar System. There is
no a priori reason to think that the process of fragmentation has
preserved the albedo distribution. In particular, since asteroid
families become prominent for H > 12, and observations sug-
gest that families may contain numerous smaller bodies (e.g.,
Tanga et al. 1999), they have the potential to change the albedo
statistics of the overall main belt population all by themselves.
Therefore, computing the albedo distribution in the main belt—
and in the NEO intermediate sources—requires a careful anal-
ysis of the existing data and extensive modeling.

Significant work in this area has already been completed by
Tedesco et al. (2002a), who constructed a main belt Statistical
Asteroid Model (SAM). Next we briefly review the basic ingre-
dients of this model while also discussing its main uncertainties.

2.1. The Statistical Asteroid Model

The SAM has the form of a list of asteroids, with associated
orbital elements, absolute magnitude, and albedo. The big as-
teroids are the real ones, while the small asteroids are mostly
synthetic. The synthetic objects have been generated by extrap-
olating to the corresponding sizes the orbital and physical prop-
erties observed among the population of big asteroids. The key
principles of the extrapolation procedure are discussed in the
following.

The asteroid population has been divided in 18 groups: one
for each of the 15 major dynamical families, plus 3 for the “back-
ground” population (defined as the population of the asteroids
not belonging to any of the 15 considered families, according
to the classification of Zappalá et al. (1995)). In each group,
the observed absolute magnitude distributions have been ex-
trapolated beyond the observational completeness limit. The ob-
served populations have been completed relative to these mag-
nitude distributions by generating the synthetic asteroids. In the
three background groups, the semimajor axis, eccentricity, and
inclination of the synthetic bodies have been generated accord-
ing to the observed orbital distribution. In the family groups, a
more sophisticated recipe has been followed, because the orbital
distribution of the observed family members depends on sizes

or, equivalently, on absolute magnitudes (Cellino et al. 1999).
Small bodies tend to be more dispersed than big bodies. Thus,
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the observed magnitude-dependent orbital distribution has been
extrapolated up to the absolute magnitudes of the considered
synthetic objects, and the synthetic objects’ (a, e, i) have been
chosen in agreement with these extrapolations.

In each group the characteristic albedo distribution was de-
termined using available radiometric data (about 1500 main belt
asteroids) from SIMPS (Tedesco et al. 2002b) and the IRTF
(Tedesco and Gradie 2002). For the three background groups,
only bodies with apparent magnitude at opposition V < 15.75
(which constitute a complete sample) have been considered, in
order to avoid possible observational biases. The albedos of the
synthetic objects (as well as of the real objects for which no
albedo data are available) have been randomly generated ac-
cording to these distributions.

When using the SAM, an important caveat should be kept in
mind. Below the completeness limit, the observed magnitude
distributions of asteroid families are much steeper than those
of the background populations (Tanga et al. 1999). Therefore,
by extrapolating these distributions to fainter absolute magni-
tudes, the SAM predicts that the ratio between the numbers of
family members and of background objects monotonically and
exponentially increases with H (Fig. 1). Because the albedo dis-
tribution of family members is different from that of the back-
ground objects, this prediction implies that the overall albedo
distribution of the main belt in the SAM is absolute magnitude
dependent.

It is generally believed, however, that collisional evolution
should force the magnitude distribution of asteroid families to

FIG. 1. The cumulative number of background asteroids and family mem-
bers as a function of the absolute magnitude, according to the SAM model. The
bodies that have visual magnitude brighter than 15.75 when they are at oppo-
sition at a heliocentric distance equal to their semimajor axis are considered an
observationally complete sample. This corresponds to H ∼ 11.5, as indicated in
the plot. Beyond H = 11.5 the magnitude distributions of background asteroids
and family members are constructed by extrapolation. Because the distribution
of family members is steeper, a linear extrapolation results in a ratio between
family and background populations that monotonically and exponentially in-
creases with H . However, it is plausible that for H larger than some threshold
value Hthr the family members reach a collisional equilibrium, background-like,

distribution, as sketched in the plot. In this case the ratio between the family and
background population would not change beyond Hthr.
I ET AL.

become shallower and more background-like beyond some
threshold magnitude Hthr (Marzari et al. 1999). If true, the over-
all albedo distribution should change with H until H = Hthr and
stay more-or-less invariant for H > Hthr. The problem is that the
value of Hthr is not known a priori; the most likely circumstance
is that Hthr varies from family to family as a function of family
age (Marzari et al. 1999).

To simplify, in this work we assume that there is one ef-
fective value of Hthr, such that the albedo distribution of main
belt asteroids with H > Hthr is equal to that given by the SAM
for H < Hthr. Therefore, since the value of Hthr is currently un-
known, we construct several SAM-Hthr models (i.e., considering
only the bodies in the SAM with H < Hthr), for a range of val-
ues of Hthr, and determine which Hthr allows the best agreement
with the observed dark/bright ratios for the main belt and the
NEO populations.

2.2. Dark/Bright Ratio in the Main Belt

The SDSS has recently released data on the dark/bright ratio
of main belt asteroids (Ivezić et al. 2001). In that study, a color
index a∗ has been attributed to the observed asteroids through
the relationship

a∗ = 0.89(g∗ − r∗) + 0.45(r∗ − i∗) − 0.57, (1)

where g∗, r∗, and i∗ are the measured magnitudes in the g, r ,
and i bands, respectively. Dark C-class asteroids have a∗ < 0
and bright S-class asteroids have a∗ > 0, but unfortunately the
color index a∗ is not unequivocally related to albedo. In fact
the dark D-class asteroids have a∗ > 0 and the bright E- and M-
class bodies have a∗ < 0. In the 2.1–3.0 AU range, where the D-,
E-, and M-class asteroids constitute negligible subpopulations
(Gradie and Tedesco 1982), the ratio between the number of
bodies with a∗ < 0 and those with a∗ > 0 can be considered
indicative of the dark/bright ratio of the main belt population.
Conversely, beyond 3.0–3.2 AU, where the fraction of D-class
becomes significant, the ratio between the number of bodies with
a∗ < 0 and those with a∗ > 0 is expected to give a lower bound
on the real dark/bright ratio.

The black curve in Fig. 2 shows the SDSS survey’s measure of
the dark fractional component (estimated using the a∗ criterion)
of an absolute-magnitude-limited sample of the main belt pop-
ulation, as a function of the heliocentric distance. The colored
curves show the prediction of the various SAM-Hthr models, ob-
tained by attributing to each body a random mean anomaly for
the determination of its instantaneous heliocentric distance (as
before, a body is considered “dark” if its albedo is smaller than
0.089).

The SAM-15 and SAM-14.5 models are those that best ac-
count for the observations. In fact, only the SAM-15 and SAM-
14.5 curves repeatedly intersect the SDSS curve, while the SAM-
13 and SAM-14 curves are systematically above and the
SAM-16 and SAM-17 are systematically below. However, all
the models give dark fractions that are larger than the SDSS

data for a > 3.3 AU, which is presumably due to the presence
of numerous D-class asteroids, as explained previously.
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FIG. 2. The fraction of the main belt population that is “dark” as a function of the heliocentric distance. The black curve shows the observational result of the

SDSS survey, where the “dark” bodies are identified as those with color index a∗ < 0 (mostly C-class). The curves labeled SAM Hthr are those obtained from the

it
SAM model with the restriction H < Hthr and identifying as “dark” the bodies w

The similarity between the SDSS curve and the SAM-14.5
and SAM-15 curves gives us confidence that the Hthr ∼ 14.5–
15 is a reasonable preliminary choice to input into our albedo
distribution model. Two additional arguments concur in this
direction: (i) if the steep magnitude distribution of asteroid fam-
ilies continued beyond Hthr ∼ 15, the predicted total number of
main belt objects would exceed that estimated by Jedicke and
Metcalfe (1998) and by Ivezić et al. (2001) by debiasing detec-
tions from the Spacewatch survey; (ii) according to the SDSS
survey’s results and Jedicke and Metcalfe (1998), the cumulative
magnitude distribution of the main belt population follows a bro-
ken law, with a break point (from steeper to shallower) at H∼15.

Notice that, according to our model, a value Hthr ∼< 15 im-
plies that the NEOs (which are essentially all fainter than this
threshold) have an albedo distribution that is absolute magnitude
independent.

2.3. The Construction of the NEO Albedo Model

To compute the albedo distribution of the NEOs coming from
each asteroidal intermediate source, we compile statistics on the
SAM-Hthr populations in four regions defined as follows:

• ν6 source: a band 0.05-AU wide on the right-hand side of
the curve that denotes the location of the ν6 resonance in the
(a, i) plane (see Fig. 2 of Morbidelli and Gladman (1998));

• 3 : 1 source: the region with 2.48–0.075e < a < 2.52 +
0.10e AU;

• IMC source: the region with 2.1 < a < 2.8 AU and q <
1.8 AU;
• OB source: the region with a > 2.8 AU and q < 2.4 AU.
h albedo smaller than 0.089.

In all cases, the regions are delimited also by the conditions
q > 1.3 AU and i < 16◦. The choice of these regions is the result
of a compromise between the desire of being consistent with the
definition of the NEO intermediate sources given in Bottke et al.
(2000, 2002) and the necessity of working on sufficiently large
regions that include a statistically significant number of bodies
from the SAM-Hthr populations.

In each region, we categorize the asteroids in the four albedo
classes defined by Tedesco et al. (2002a) and listed in Table 1
(i.e., high, moderate, intermediate, low). In each albedo class
we assume that all bodies have albedo equal to the mean value
of the class. Thus, the albedo distribution in each of our NEO
source regions is reduced to the relative proportion among the
populations in the albedo classes and can be represented by four
coefficients, dNEO source

albedo class , whose sum is equal to 1. In addition
to the four albedo classes just defined, we also introduce a Com
class exclusively for the cometary source of NEOs. It is therefore
intended that dNEO source

Com = 0 for the asteroidal sources, while
dJFC

Com = 1.

TABLE 1
Definition of the Albedo Classes Used in Our Model

Class Albedo range Mean albedo

Hig 0.355–0.526 0.462
Mod 0.112–0.355 0.197
Int 0.089–0.112 0.099
Low 0.020–0.089 0.055

Com ?? 0.04
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We now have all the ingredients to construct a NEO albedo
model. The Bottke et al. (2002) model estimates

• the total number of NEOs with H < 18: N (H < 18);
• the H -distribution of NEOs: N (H < Hlim) = N (H < 18) ×

100.35(Hlim−18);
• the fraction of the total NEO population contained in each

(a, e, i) cell of the NEO space: R(a, e, i); and
• the fraction of the population in each cell that comes from

each of the five intermediate sources: cNEO source(a, e, i).

Therefore, the fraction of the NEO population in a cell that
belongs to a given albedo class is simply

falbedo class(a, e, i) =
∑

NEO source

cNEO source(a, e, i) dNEO source
albedo class ,

(2)

where the sum is made over the five NEO sources. The fraction
of the total NEO population that belongs to a given albedo class
is then

Falbedo class =
∑

(a,e,i)

R(a, e, i) falbedo class(a, e, i), (3)

where the sum is done over all cells in the NEO space. Finally,
the dark/bright ratio of the NEO population is, for an absolute-
magnitude-limited sample,

rH = (FCom + FLow)/(FInt + FMod + FHig). (4)

Table 2 gives the dark/bright ratio rH obtained with the var-
ious SAM-Hthr models that we have considered. Also reported
is the dark/bright ratio computed for the NEO subpopulation re-
stricted to the region with a < 2.5 AU, a threshold that is often
used to separate the the NEOs that predominantly come from
the inner belt from those that come from the outer belt. As one
sees, rH decreases monotonically with increasing Hthr; this is be-
cause the relative proportion of family members in the main belt

TABLE 2
Dark/Bright Ratios for Various SAM-Hthr Models

rH robs robs rH robs robs

Hthr (all a) (H < 18) (H < 20) (a < 2.5) (H < 18) (H < 20)

13 0.56 0.44 0.42 0.42 0.39 0.36
14 0.38 0.30 0.28 0.26 0.25 0.24
14.5 0.25 0.18 0.17 0.14 0.14 0.13
15 0.23 0.17 0.15 0.13 0.12 0.12
16 0.17 0.12 0.11 0.08 0.08 0.07
17 0.16 0.11 0.10 0.07 0.07 0.07

Note. The numbers corresponding to our preferred model are reported in
boldface. The biased ratios robs are measured on the objects detected by the
NEO survey simulator when 45% completeness on the H < 18 population is

achieved.
LI ET AL.

population increases and because most families predominantly
contribute to the bright classes Int, Mod, and Hig. Notice also
that the dark/bright ratio for NEOs with a < 2.5 AU is smaller
than the one for the whole NEO population, indicating that most
of dark NEOs reside on orbits with a > 2.5 AU.

The next step before comparing rH with the observed ratio is
the evaluation of our observational biases.

2.4. A NEO Survey Simulator

Jedicke et al. (2002) have designed a survey simulator in-
spired by the known characteristics of the LINEAR survey. In
particular, the survey simulator covers an area of sky compa-
rable to the average monthly coverage of LINEAR (as given
on http://asteroid.lowell.edu/cgi-bin/koehn/coverage) in 14 days
around new Moon. Its detection efficiency is 100% for NEOs
with visual magnitude V < 17.75 and linearly decays to 0% in
the next 1.5 magnitudes. In addition, only bodies with an ap-
parent rate of motion faster than 0.3 deg/day are considered to
be detected. Despite being specifically designed for LINEAR,
the survey simulator does a good job of reproducing the overall
performance of all NEO surveys that have contributed to the
observed NEO population so far. In fact, Fig. 3 shows off the
excellent agreement between (1) the known distribution of 469
NEO with H ≤ 18 (dotted line) as of 15 March 2001 and (2)
the distribution of the synthetic NEOs generated according to
the Bottke et al. (2002) model (solid line) and detected by the
survey simulator (points with 1σ error bars). We can therefore
take advantage of this survey simulator to compute the expected
observed (i.e., biased) dark/bright ratio for each of the NEO
albedo distribution models.

For this purpose, we first need to incorporate the albedo-
dependent phase angle effect, briefly discussed in the introduc-
tion. The IAU recommended formula for computing the visual
magnitude V of a body with phase angle α < 120◦ is (Bowell
et al. 1989)

V = 5 log(r	) + H − 2.5 log[(1 − G)φ1 + Gφ2], (5)

where r and 	 are, respectively, the heliocentric and geocentric
distances, H is the absolute magnitude, G is called the slope
parameter, and φ1 and φ2 are quantities that depend on α through
the relationships

φ1 = exp{−[3.33 tan(α/2)]0.63},
(6)

φ2 = exp{−[1.87 tan(α/2)]1.22}.
Formula (5) implies that the visual magnitude of an object be-
comes fainter as the phase angle increases. The albedo-
dependent phase angle effect arises because the slope param-
eter is smaller for low-albedo objects than for high-albedo ones.
As a consequence, the rate at which V becomes fainter with in-
and α �= 0, a low-G object has a fainter visual magnitude than
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FIG. 3. The solid line represents the (a, e, i, H ) distribution of NEOs acco
distribution of the NEOs detected by the survey simulator. The dotted line repres

a high-G object. To simulate the phase angle effect we assign

• G = 0.13 to the Com class,
• G = 0.15 to the Low class,
• G = 0.18 to the Int class,
• G = 0.25 to the Mod class, and
• G = 0.40 to the Hig class.

These numbers have been obtained using a linear least-squares fit
to the albedos versus measured G values as given in the SIMPS
database (Tedesco et al. 2002b).

For each NEO albedo distribution model listed in Table 2, we
generate 10 sets of 4886 synthetic NEOs with H < 20 (the num-
ber predicted in Bottke et al. (2002)), and we run on each set
the survey simulator until 45% completeness is achieved on the
population with H < 18. Accordingly, the observed NEO popu-
lation with H < 20 is far less complete (19.5%). The dark/bright
ratio of the detected NEOs is computed separately for the NEOs
with H < 18 and H < 20, and also for the NEO subpopulation
with a < 2.5 AU.

The results, averaged over the simulations corresponding to
the 10 sets generated from the same NEO model, are listed in

Table 2. Notice that for the overall NEO population, the dark/
bright ratio of the detected bodies (robs) is always smaller than the
ding to Bottke et al.’s (2002) model. The points with (1σ ) error bars give the
ts the distribution of the NEOs with H < 18 discovered as of 15 March 2001.

true ratio rH . Thus a bias in favor of the discovery of bright bod-
ies really exists. This bias is slightly more severe for the H < 20
population than for the H < 18 population, which shows that the
bias gradually reduces with increasing observational complete-
ness of the considered population, as expected. Conversely, the
bias on the dark/bright ratio is almost nonexistent for the NEOs
with H < 18 and a < 2.5 AU (compare robs to rH in the fifth and
sixth columns). This means that for the overall H < 18 NEOs,
the bias is mostly because dark bodies predominantly reside on
orbits with a > 2.5 AU.

2.5. Dark/Bright Ratio for NEOs

At this point we can compare the simulated dark/bright ratios
in Table 2 to the observed dark/bright ratio for real NEOs and
check which SAM-Hthr model allows the best agreement with
the data.

We first update the list of NEOs with known albedo or taxo-
nomic class. Our sources are:

• the SIMPS data set, a re-elaboration of IRAS observations
(Tedesco et al. 2002b), which provides direct information on the
albedos;

• unpublished IRTF data from Tedesco and Gradie (2002),

which provide direct information on the albedos;
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• the appendix of Lupishko and DiMartino (1998), which
provides a list of taxonomic classes (we discard the bodies for
which an albedo is assumed without a taxonomic classification);
and

• the recently released SMASS2 data (Bus and Binzel 1998),
which also provide a list of taxonomic classes.

The taxonomic classes that are categorized as “bright” or “dark”
are given at the beginning of the introduction of this paper. If
a NEO has both a direct albedo measurement and a taxonomic
classification, we always refer to the albedo measurement.

In total, we have collected data on 183 NEOs with H < 20.
The top panels of Fig. 4 show the dark/bright ratio robs computed
for NEOs grouped in one-magnitude-wide bins. The dashed his-
togram gives the number of data in each bin. Also shown are the
1σ and 2σ error bars for the computed ratios. The error bars are
computed with a simple Monte Carlo code. Given the number N
of bodies on which robs is measured, we fix a “true” ratio r∗ and

we randomly generate 1000 sets of N data that are categorized the dark/bright ratio for bodies with larger H . Also, the SAM

as “dark” or “bright” according to the probability distribution

FIG. 4. Top panels: The open dots show the dark/bright ratios computed for NEOs grouped in one-magnitude-wide bins. The horizontal solid lines show
the extent of each magnitude bin over which the ratio is computed, while the vertical solid lines on both sides of each open dot denote the 1σ and 2σ error bars.
The dashed histogram shows the number of data in each magnitude bin, divided by 100 for scale reasons. The left panel concerns NEOs without restrictions on

predicts that the dark/bright ratio decreases with increasing H ,
the orbital elements, while the right panel includes only NEOs with a < 2.5 AU.
grouped in two-magnitude-wide bins.
LI ET AL.

imposed by the r∗ ratio. If the resulting dark/bright ratio rMC is
such that r∗ < robs < rMC or rMC < robs < r∗ for more than 32%
of the generated sets, we say that the ratio r∗ belongs to the 1σ

error bar of robs. Analogously, if the above inequalities occur for
more than 5% of the sets, we say that the ratio r∗ belongs to the
2σ error bar of robs.

The data puzzle us, for two reasons. First, the observed dark/
bright ratio fluctuates wildly from one magnitude bin to the
other. These fluctuations seem to be inconsistent with a constant
dark/bright ratio at the 1σ level (the corresponding error bars do
not overlap), while they might be consistent with a constant ratio
at the 2σ level (the corresponding error bars marginally overlap).
Second, the data give the visual impression that the dark/bright
ratio has a overall trend to increase with H . In contrast, we do not
see any real reason for significant fluctuations in the dark/bright
ratio (apart from random sampling) and, if any, we would expect
exactly the opposite overall trend! In fact, we have argued previ-
ously that the observational bias should tend to slightly decrease
Bottom panels: the same as the top panels, but the NEOs with 13 < H < 19 are
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TABLE 3
Albedo Distributions According to the SAM-14.5 Model

Source Com Low Int Mod Hig

ν6 0.00 0.07 0.05 0.74 0.14
3 : 1 0.00 0.10 0.04 0.79 0.07
IMC 0.00 0.21 0.06 0.63 0.10
OB 0.00 0.47 0.11 0.39 0.03
JFC 1.00 0.00 0.00 0.00 0.00
NEO 0.06 0.14 0.05 0.65 0.10

Note. The first five lines show the relative proportion in the Com, Low, Int,
Mod, and Hig albedo groups, for each source region of the NEO population. The
last line shows the resulting overall albedo distribution of the NEO population.

so that no choice of Hthr in our models could reproduce the ap-
parent trend. Our expectation for a quasi-constant dark/bright
ratio is reinforced by the fact that, if we collect the NEO data
in two-magnitude-wide bins, as in the bottom panels of Fig. 4,
the resulting ratios in the 13–15, 15–17, and 17–19 bins are al-
most the same, and the only “anomaly” in the dark/bright ratio
appears for NEOs with H > 19 (only 36 bodies in our database).

For these reasons, we think that the available data do not
yet provide convincing evidence that the dark/bright ratio of
NEOs is magnitude dependent, and we use the entire collec-
tion of NEOs with H < 20 to compute the observed ratio. We
obtain robs = 0.165 ± 0.015 (1σ ) for the NEOs without restric-
tion on the semimajor axis and robs = 0.130 ± 0.010 (1σ ) for the
NEOs with a < 2.5 AU. These numbers are in very good agree-
ment with the robs values reported in Table 2 for our model
with Hthr = 14.5, which reinforce our preliminary choice of
Hthr, made in Section 2.2 from the visual comparison with the
SDSS data on the color distribution of main belt asteroids. There-
fore, we use Hthr = 14.5 for the generation of our “best” NEO
albedo distribution model. The resulting albedo distributions in
the NEO source regions and in the NEO population are reported
in Table 3. All numbers are given for absolute-magnitude-limited
populations.

The 1σ error bar on the observed dark/bright ratio translates
into an uncertainty on the value of Hthr ranging from 14.25
to 15. These values will be used to compute the error bars on
the quantities (number of NEOs larger than 1 km, frequency of
impacts, etc.) estimated in the following sections. In principle,
in the computation of these error bars we should also take into
account the uncertainties in the Bottke et al. NEO model, namely,
the uncertainties on the parameters αIS that control the relative
importance of the NEO sources (see Bottke et al. 2000, 2002).
However, the αIS and Hthr should not be treated as independent.
In fact, for each set of αIS within the error bars of the Bottke et al.
model we would determine a slightly different interval of values
of Hthr to obtain the same interval of NEO dark/bright ratios
(corresponding to the observed ratio and its error bar). Hence,
by construction, the uncertainty on the αIS does not increase the

uncertainty on the resulting NEO dark/bright ratio. Supposing
that this is almost true for the other quantities of interest as well,
IMPACT HAZARD 337

an approximate but effecive way to compute the error bars on
the resulting model is to fix the αIS (for instance, equal to the
best-fit values detemined by Bottke et al. (2002)) and let Hthr

range over its corresponding interval of uncertainty.

3. FROM MAGNITUDES TO DIAMETERS

Armed with the NEO albedo distribution model, we can now
compute the number of bodies larger than a given size D in each
(a, e, i) cell of the model. For each albedo class, the absolute
magnitude corresponding to a size D is computed as

H D
albedo class = 2.5

(
6.244 − log pclass

v − 2log D
)
, (7)

where pclass
v is the mean albedo of the considered class. Thus,

the total number of NEOs larger than Dmin in a (a, e, i) cell is

N (D > Dmin)(a, e, i)

= R(a, e, i)
∑

albedo class

falbedo class N
(
H < H Dmin

albedo class

)
, (8)

where the sum is done on the five albedo classes,

N
(
H < H Dmin

albedo class

) = N (H < 18) × 100.35(H
Dmin

albedo class−18), (9)

and falbedo class is defined in (2).
Finally, the dark/bright ratio of the NEOs larger than Dmin is

rD = FCom × 100.35H
Dmin
Com + FLow × 100.35H

Dmin
Low

FInt × 100.35H
Dmin
Int + FMod × 10

0.35H
Dmin
Mod + FHig × 10

0.35H
Dmin
Hig

,

(10)

where Falbedo class is defined in (3). By substitution of (7) into
(10) it is easy to check that rD is independent of Dmin.

Table 4 reports the total number of NEOs larger than 1 km
in diameter and their dark/bright ratio rD obtained from our
preferred albedo model (Hthr = 14.5). The respective numbers
for the subpopulation with a < 2.5 AU are also shown. The table

TABLE 4
Number of NEOs Estimated to Be Larger Than 1 km in Diameter
and Their True Dark/Bright Ratio rD for Each SAM-Hthr Model

Hthr N ( >1km) (all a) rD N ( >1km) (a <2.5) rD

13 1058 1.75 748 1.24
14 955 1.24 660 0.80
14.5 855 0.87 570 0.45
15 834 0.82 555 0.42
16 766 0.64 500 0.27
17 765 0.57 504 0.23
Note. The numbers corresponding to our preferred model are reported in bold
face.
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also reports the numbers that would be obtained from the models
corresponding to different values of Hthr.

Assuming that the total number of NEOs with H < 18 is 963
(Bottke et al. 2002), our preferred model predicts the existence
of 855 bodies larger than 1 km in diameter; the uncertainty on the
value of Hthr (from 14.25 to 15) translates into an uncertainty of
±20 bodies on the latter estimate. This shows that the usually as-
sumed conversion H = 18 ⇔ D = 1 km slightly overestimates
the total number of kilometer-size objects; we compute that, on
average, the correspondence should be H = 17.85 ± 0.03 ⇔
D = 1 km. Similarly, the uncertainty of Hthr gives an uncer-
tainty on the ratios rH and rD of ±0.02 and ±0.05 respectively.
Assuming that the uncertainty on the total number of NEOs with
H < 18 is ±120 (Bottke et al. 2002), we estimate that total un-
certainty on the number of NEOs larger than 1 km is ±110.

Figure 5 compares the debiased orbital distributions of the
NEOs with H < 18 and of those with D > 1 km. Because the
dark NEOs come mainly from the outer belt or are dormant
cometary nuclei, their orbits typically have large semimajor axis.

Therefore, the NEOs with D > 1 km outnumber those with H < dark NEOs, 1-km bodies roughly translate into H < 18 bod-

18 for a > 2.5 AU, while the opposite is true for a < 2.5 AU. ies). More recently, the report of the UK Taskforce on NEO
FIG. 5. Debiased (a, e, i) distribution of NEOs with H < 18 (solid histogr
Bottke et al. (2002), while the latter is deduced from the former by using our SA
LI ET AL.

In the eccentricity distribution, the bodies with H < 18 out-
number those with D > 1 km for e < 0.6, a consequence of
the fact that most of the NEOs (and all the Earth-crossers) less
eccentric than this threshold have a < 2.5 AU. The inclination
distributions of H < 18 and D > 1 km NEOs are essentially
identical.

4. EARTH COLLISION HAZARDS

In this section, we apply our results from the previous sections
to estimate the potential hazard to the Earth from Earth-crossing
NEOs. To assess the threat, we must first develop a metric to
characterize the danger. A report delivered to NASA (and ul-
timately the U.S. Congress; Morrison 1992) suggested that an
asteroid or a comet should be considered dangerous to human
civilization if it could produce upon impact the energy equiv-
alent to 50,000 megaton TNT (or more). On average, it was
estimated that a 1-km NEO striking the Earth was capable of
producing such energies (assuming a 50 : 50 mix of bright and
ams) and D > 1 km (dashed histograms). The first distribution is that given in
M-14.5 albedo distribution model.
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Hazards (NEO Taskforce 2000) stressed that impact energies of
∼1000 megaton should also be considered a threat to human
life, since they could potentially produce large-scale regional
damage.

Using our NEO orbital–magnitude–albedo model, we can es-
timate (1) the frequency of collisions carrying an impact energy
larger than a reference threshold and (2) the orbital distribution
of the impactors. The kinetic energy of a projectile in units of
megaton TNT (MT) is given by

E = 62.5ρD3v2, (11)

where ρ is the bulk density of the projectile in g/cm3, D is
the diameter of the projectile in kilometers, and v is the impact
velocity in km/s. Measurements of the asteroid bulk densities
(Britt et al. 2002) show a sharp correlation between bulk density
and asteroid taxonomic class. Based on these results, we assume
that C-class bodies have ρ ∼ 1.3 g/cm3 while S-class bodies have
ρ ∼ 2.7 g/cm3. Therefore, in our model we assume that the for-
mer density is typical of the Com and Low albedo classes while
the latter is typical of the Int, Med, and Hig classes. In making this
approximation, we ignore the fact that metallic asteroids have
much larger densities, and comets possibly have lower densi-
ties than carbonaceous asteroids. We do not consider this to be
a serious limitation of our model, because comets account for
only ∼5% of the NEO population and iron objects do not appear
to constitute a significant fraction at all (only 2 NEOs among
the 183 in our database belong to the M-class, and some M-
class asteroids do not appear to be metallic; Rivkin et al. 2002).
Nevertheless, we have also tried different values for the bulk
density, as low as 0.3 g/cm3 for the bodies of the Com class, and
as high as 5 g/cm3 for the bodies in the Hig class, never getting
differences larger than ±3% in the resulting overall frequency
of impacts of given energy on Earth.

For each (a, e, i) cell in the NEO space, we first compute the
mean unperturbed encounter velocity with the Earth, v∞(a, e, i),
using the formulas given in Bottke et al. (1994a). The mean
impact velocity is then computed taking into account the Earth’s
induced gravitational acceleration, namely,

vimp(a, e, i) =
√

v∞(a, e, i)2 + v2
E , (12)

where vE = 11.2 km/s is the Earth’s escape velocity. Using (12)
in (11) and the albedo-dependent density discussed previously,
we compute for each albedo class and (a, e, i) cell the minimum
diameter of an object capable of producing a given impact energy
upon collision with the Earth. The diameter is converted into a
limiting absolute magnitude using (7), and the total number of
objects brighter than that magnitude is computed in each cell
using (8).

The last step is to compute the number of expected colli-
sions between Earth and the dangerous objects in each cell. For

this purpose, we multiply the number of dangerous objects in
each cell with the mean collision probability characterizing the
IMPACT HAZARD 339

population in that cell. The latter is computed using an algo-
rithm described by Bottke et al. (1994a,b), which is an updated
version of similar models described by Öpik (1951), Wetherill
(1967), and Greenberg (1982). This algorithm assumes that the
values of the orbital angles (mean anomaly, longitude of node,
argument of perihelion) of the Earth and the NEOs are random,
and it also takes into account the gravitational attraction exerted
by the Earth, which enhances the collision probability by a so-
called gravitational focusing factor. Conversely, it cannot take
into account the phenomena of resonance protection (Milani and
Baccili 1998) and resonance returns (Milani et al. 1999), which
respectively reduce and enhance the collision probability of spe-
cific objects with respect to that of a population with the same
values of a, e, and i and a uniform distribution of the angular
elements.

Figure 6 shows the results for collisions with energy larger
than 1000 MT (solid histograms). On average, the absolute mag-
nitude of bodies capable of producing 1000 MT of impact en-
ergy is H = 20.6, although occasionally bodies up to H = 23
can produce such an impact energy. The discovery of these
bodies—albeit important—goes well beyond the stated Space-
guard goal. The interval between 1000 MT impacts on the Earth
is ∼63,000 years. Most of the danger is carried by NEOs with
a < 2 AU. Bodies with large semimajor axes, despite being more
numerous, represent only a minor risk, because (i) they have a
lower collision probability with the Earth and (ii) they are mostly
low-density bodies. Also, a relative majority of impacts are ex-
pected from objects with i < 5◦, despite the fact that the Bottke
et al. (2002) model does not show many objects with this kind
of inclination compared to the number with i > 5 degrees (com-
pare the bottom panel of Fig. 6 to that of Fig. 5). This is due to
the enhanced individual collision probability of low-inclination
objects.

Our predicted interval between 1000 MT impacts on Earth
appears to be roughly a factor of 4 larger (or, equivalently, the
impact rate is 4 times smaller) than that predicted by Morrison
et al. (1994), who based their results on those found by
Shoemaker (1983). Though sorting out the exact reason for this
difference is beyond the scope of this paper, we believe we un-
derstand the main issues. To compute the 1000-MT impact fre-
quency on Earth, Shoemaker (1983) needed to estimate several
poorly known components (i.e., the number of impactors capa-
ble of producing a 1000-MT impact, the fraction of bright/dark
objects in the NEO population, the impact frequency of NEOs
striking the Earth, the flux of cometary objects striking the Earth,
etc.). In comparing these components to our estimates, two par-
ticular values stand out: (i) to calibrate his values, Shoemaker
assumed that the population of H < 18 bodies capable of strik-
ing the Earth is ∼1300, nearly a factor of 2 larger than predicted
by the Bottke et al. (2002) model; (ii) to estimate the popula-
tion of bodies capable of producing 1000-MT blasts on the Earth,
Shoemaker converted lunar craters into projectiles using, among
other estimates, an approximate crater scaling relationship. We

believe the uncertainty in this relationship is such that even a
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FIG. 6. The expected number of collisions carrying an impact energy larger than 1000 megaton TNT, as a function of the impactors’ orbital parameters
o

and absolute magnitude (solid histogram). For comparison, the dashed histogram
completeness of the known population, measured relative to the total collision pr

small tweaking of values could easily introduce another factor
of 2 into the results. We leave a more thorough investigation of
this topic for the future.

In Fig. 6, the dashed histogram shows the number of impacts
with energy larger than 1000 MT, expected from the population
of the NEOs discovered so far. The histogram has been computed
with the following recipe:

• An albedo has been randomly attributed to all known NEOs,
according to the albedo distribution in their respective (a, e, i)
cells.

• With the attributed albedos, each NEO absolute magnitude
has been converted into size and mass (assuming again ρ =
1.3 g/cm3 if the albedo is smaller than 0.089 and ρ = 2.7 g/cm3

otherwise).
• For each NEO, the impact energy is computed using the

mean impact velocity that characterizes its (a, e, i) cell; only
NEOs with impact energy larger than 1000 MT are retained.

• The number of the NEOs retained in each cell is multiplied
by the cell’s mean collision probability.
Cumulatively, the collision probability of the known NEOs is
only 18% of the total estimated collision rate. This value means
shows the number of collisions expected from the known NEO population. The
bability, is only ∼18%.

that there is an 82% probability that we have not yet discovered
the NEO that could cause the next catastrophe.

In Table 5 we report the average time interval between col-
lisions for various energy values and the current completeness
of the corresponding projectile population. The error bars on
the frequency of impacts and on the completeness are com-
puted from the relative uncertainty on the population of objects
of a given size (±13%). The error bars on the average abso-
lute magnitude and diameter of the objects corresponding to the

TABLE 5
Threshold Energy for “Dangerous” Impacts, Mean Interval be-

tween Successive Impacts, Current Completeness of the Impactor
Population, and Absolute Magnitude and Diameter of the NEOs
That Produce the Impact

Energy Average interval
(megaton TNT) (years) Completeness H D (m)

1000 63,000 ± 8000 0.18 ± 0.02 20.63 ± 0.03 277 ± 7
10,000 241,000 ± 30,000 0.37 ± 0.05 18.97 ± 0.03 597 ± 15

100,000 925,000 ± 121,000 0.49 ± 0.06 17.30 ± 0.03 1287 ± 33
Note. Error bars are computed as mentioned in the text.
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selected impact energy are computed from the uncertainty on the
parameter Hthr, characterizing the albedo distribution model.

We caution that our NEO model does not incorporate the pop-
ulation of dormant comets of Oort cloud provenance (while it
does include the population of dormant Jupiter family comets).
However, this is not a serious limitation, because a recent work
by Levison et al. (2002) shows that dormant long-period and
Halley-type comets with H < 18 should collide with the Earth
only every 370 and 780 Myr, respectively. These collision in-
tervals are very long compared to the 0.5-Myr, period typical
of H < 18 NEOs of asteroidal origin (Morbidelli et al. 2002).
From these collision intervals, and taking into account (i) that
long-period comets collide with the Earth at a velocity that is
about three times larger than that of the asteroidal NEOs, (ii) the
differences in density and albedo, and (iii) the size distribution
of the NEOs, with a back of the envelope calculation we esti-
mate that the dormant long-period comets should not account
for more than 1% of the total collisions of given impact energy.

5. CONCLUSIONS

Our recent model of the NEO orbital and magnitude distri-
bution (Bottke et al. 2002) indicates that the NEO population
is sustained by five intermediate sources, the relative contribu-
tions of which are quantitatively determined. In this paper, from
the albedo distribution of the bodies in the intermediate NEO
sources, we have deduced the albedo distribution of the NEO
population.

Our procedure has been complicated by the fact that we do
not have direct knowledge of the albedo distribution in the NEO
sources. Most radiometric and taxonomic observations concern
asteroids that are much bigger than the typical NEO sizes, and
there is no reason to believe, a priori, that the albedo distribution
of large bodies is representative of smaller objects. Thus, we
have been forced to follow a sophisticated extrapolation method
to estimate the albedo distribution in the NEO sources for sizes
typical of hazardous NEOs. We have tested and constrained our
estimates using (i) the color vs heliocentric distance distribution
of main belt asteroids given by the SDSS (Ivezić et al. 2001)
and (ii) published albedo and taxonomic class determinations of
NEOs. The results of these comparisons are reasonable enough
that we believe our albedo distribution model is an accurate
description of reality.

With our albedo distribution model, we predict that the debi-
ased dark/bright (or C/S) ratio of the NEO population is 0.25 ±
0.02 if computed for an absolute-magnitude-limited population
and 0.87 ± 0.05 if computed for a size-limited population. Us-
ing these values, we estimate that the number of NEOs larger
than 1 km in diameter should be 855 ± 110, roughly 90% of
the number of NEOs with absolute magnitude H < 18. By as-
suming values of the bulk density correlated with an object’s
taxonomic class and computing the collision probabilities be-

tween Earth and NEOs for various orbital configurations, we es-
timate that the Earth should suffer a 1000-MT impact once every
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63,000 ± 8000 years. This collision hazard is about four times
lower (i.e., less hazardous) than previously estimated (Morrison
et al. 1994) and is carried on average by objects with H < 20.6.
We estimate that the known NEOs carry only 18 ± 2% of this
overall collision probability.

Our work also shows the need for new observational cam-
paigns to (i) extend our knowledge of the albedo distribution of
smaller main belt asteroids and (ii) improve the taxonomy of
the known NEO population. In particular we have pointed out
that if we compute the dark/bright ratio separately for NEOs in
one-magnitude-wide bins (Fig. 4), the results show large and
random oscillations. If the last two bins in the H distribution are
indicative of a real trend in the dark/bright asteroid ratio, it may
call for a refinement of our NEO model and reveal unexpected
properties of the main belt population.
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Ivezić, Z., S. Tabachnik, R. Rafikov, R. H. Lupton, T. Quinn, M. Hammergren,
L. Eyer, J. Chu, J. C. Armstrong, X. Fan, K. Finlator, T. R. Geballe, J. E. Gunn,
G. S. Hennessy, G. R. Knapp, S. K. Leggett, J. A. Munn, J. R. Pier, C. M.
Rockosi, D. P. Schneider, M. A. Strauss, B. Yanny, J. Brinkmann, I. Csabai,
R. B. Hindsley, S. Kent, B. Margon, T. A. McKay, J. A. Smith, P. Waddel,
and D. G. York 2001. Solar system objects observed in the Sloan digital sky
survey commissioning data. Astron. J. 122, 2749–2784.

Jedicke, R. 1996. Detection of near Earth asteroids based upon their rates of
motion. Astron. J. 111, 970–982.

Jedicke, R., and T. S. Metcalfe 1998. The orbital and absolute magnitude distri-
butions of main belt asteroids. Icarus 131, 245–260.

Jedicke, R., A. Morbidelli, T. Spahr, J. M. Petit, and W. F. Bottke 2002.
Earth and space-based NEO survey simulations: Prospects for achiev-
ing the Spaceguard goal. Icarus, submitted (available at http://www.obs-
nice.fr/morby/Ref list.html).

Levison, H. F., A. Morbidelli, L. Dones, R. Jedicke, P. Wiegert, and W. F. Bottke
2002. The mass suicide of nearly-isotropic comets. Science, in press.

Lupishko, D. F., and M. DiMartino 1998. Physical properties of near-Earth
asteroids. Planet. Space Sci. 46, 47–74.

Luu, J., and D. Jewitt 1989. On the relative numbers of C types and S types
among near-Earth asteroids. Astron. J. 98, 1905–1911.

Marzari, F., P. Farinella, and D. R. Davis 1999. Origin, aging, and death of
asteroid families. Icarus 142, 63–77.

Merline, W. J., L. M. Close, C. Dumas, C. R. Chapman, F. Roddier, F. Menard,
D. C. Slater, G. Duvert, C. Shelton, and T. Morgan 1999. Discovery of a moon
orbiting the asteroid 45 Eugenia. Nature 401, 565–568.

Milani, A., and S. Baccili 1998. Dynamics of Earth-crossing asteroids: The
protected Toro orbits. Celest. Mech. Dynam. Astrom. 71, 35–53.

Milani, A., S. R. Chesley, and G. B. Valsecchi 1999. Close approaches of Aster-
oid 1999 AN10: Resonant and non-resonant returns. Astron. Astrophys. 346,
L65–68.

Morbidelli, A., and B. Gladman 1998. Orbital and temporal distribution of me-
teorites originating in the asteroid belt. Meteorol. Planet. Sci. 33, 999–1016.

Morbidelli, A., W. F. Bottke, P. Michel, and Ch. Froeschlé 2002. Origin and
evolution of near Earth objects. In Asteroids III (W. F. Bottke, A. Cellino, P.
Paolicchi, and R. P. Binzel, Eds.), in press. Univ. of Arizona press, Tucson.

Morrison, D. 1992. The Spaceguard Survey: Report of the NASA International

Near-Earth-Object Detection Workshop. JPL QB651, No. 37, Jet Propulsion
Lab., Pasadena, CA.
I ET AL.

Morrison, D., C. R. Chapman, and P. Slovic 1994. The impact hazard. In Hazards
due to Comets and Asteroids (T. Gehrels and M. S. Matthews, Ed.), pp. 59–91.
Univ. of Arizona Press, Tucson.

NEO Taskforce 2000. Potentially Hazardous Near Earth Objects. British
National Space Center, London.
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