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Abstract

Utilizing the largest available data sets for the observedritamic (Binzel et al., 2004, Icarus 170, 259—-294) and albedo (Delbo et al.,
2003, Icarus 166, 116-130) distributions of the near-Earth object population, we model the bias-corrected population. Diameter-limited
fractional abundances of the taxonomic complexes are A-0.2%; C-10%, D-17%, O-0.5%, Q-14%, R-0.1%, S-22%, U-0.4%, V-1%, X-34%.
In a diameter-limited sampley 30% of the NEO population has jovian Tisserand parameter less than 3, where the D-types and X-types
dominate. The large contribution from the X-types is surprising and highlights the need to better understand this group with more albedo
measurements. Combining the C, D, and X complexes into a “dark” group and the others into a “bright” group yields a debiased dark-
to-bright ratio of~ 1.6. Overall, the bias-corrected mean albedo for the NEO populatiornl#400.02, for which anH magnitude of
17.8 £ 0.1 translates to a diameter of 1 km, in close agreement with Morbidelli et al. (2002, Icarus 158 (2), 329—342). Coupling this bias
corrected taxonomic and albedo model with fiienagnitude dependent size distribution of (Stuart, 2001, Science 294, 1691-1693) yields
a diameter distribution with 109¢ 180 NEOs with diameters larger than 1 km. As of 2004 June, the Spaceguard Survey has discovered
56% of the NEOs larger than 1 km. Using our size distribution model, and orbital distribution of (Stuart, 2001, Science 294, 1691-1693) we
calculate the frequency of impacts into the aand the Moon. Globally destructive collisions (0?1 J) of asteroids 1 km or larger strike
the Earth once every.60+ 0.1 Myr on average. Regionally destructive collisions with impact energy greater thah0d8 J (~200 m
diameter) strike the Earth every B80= 6000 yr. Collisions in the rage of the Tunguska event (4>810'8 J) occur every 2000-3000 yr.

These values represent the average time between randomly spaced impacts; actual impacts could occur more or less closely spaced sole
by chance. As a verification of these impact rates, the crater production function of Shoemaker et al. (1990, Geological Society of American
Special Paper 247) has been updated by combining this new population model with a crater formation model to find that the observed crater
production function on both the Earth and Moon agrees with the rate of crater production expected from the current population of NEOs.
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1. Introduction and observational sampling using the taxonomic and albedo
information. This first piece is discussed in a companion
eoaper(BinzeI et al., 2004)which discusses the taxonomic
distribution of the NEOs from visible and near-infrared re-
flectance spectroscopy. A complementary program of ther-
mal infrared measurements to determine albedos supplies
the second piece and is detailedDelbo et al. (2003)For
the third piece, the most extensive set of NEO discovery sta-
tistics are provided by the LINEAR survdptokes et al.,
2000; Stuart, 2001)rhis work brings the fourth piece, a de-
biasing of the discovery statistics using the taxonomic and
Thispaper to appear in print with manuscript #108787. albedo mform?tlon' .

* Corresponding author. Fax: 781-981-0991. Recent estimates of the number of NEOs constrain the

E-mail address: stuart@Il.mit.edu (J.S. Stuart). size of the population as a function of absolute magnitude

Several pieces must be broughttogether to understand th
near-Earth objects (NEOs). Four of the pieces that can be
readily described are (i) the taxonomic distribution as mea-
sured by observational sampling, (ii) albedos that can be as-
sociated with the taxonomic categories, (iii) observed orbital
distributions and number of objects as determined from dis-
covery statistics, and (iv) debiasing of the discovery statistics
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(Bottke et al., 2000, 2002; Stuart, 200T)he reflectivity, albedos for the complexes are combined with the observed
or geometric albed@Russell, 1916must be known to es-  fractional abundances of the complexes to produce debiased,
timate the size of an NEO from its measured absolute mag-or diameter-limited fractional abundances for each complex.
nitude (e.g.Harris and Harris, 1997; Fowler and Chillemi, The average albedos and debiased fractional abundances of
1992. Since few albedo measurements have been made fothe complexes are combined to derive an overall average
NEOs, the absolute magnitudes cannot be converted to physalbedo and a diametersdiibution for the NEOs.
ical sizes. Albedo measurements are available for fewer than A new model of the diameter distribution of the NEOs
1% of the NEOs, and those albedo values span a wide rangewarrants a new analysis of the impact threat to the Earth. The
from 0.023 to 0.63Binzel et al., 2002a, 2002bJhis factor distributions of NEO orbital elements frotuart (2001jre
of 27 variation in albedo corresponds to more than a factor combined with Opik-type calculations to determine average
of 5 range in possible diameter of an NEO with a given ab- impact probabilities. The impact probabilities are combined
solute magnitude. Furthermore, observational selection ef-with the diameter distribution of the NEOs to evaluate the
fects tend to bias the discovered and observed populationflux of large NEOs into the Earth and Moon. Several crater
of NEOs toward high albedo objects, and high albedo taxo- scaling laws are then used to compare the expected rate of
nomic classes. Therefore, the number of NEOs as a functioncrater production on the Earth and on the Moon to the ob-
of diameter is poorly known. served cratering record.

Several past attempts have been made to debias the albedo
and taxonomic distributions of the NEOsuu and Jewitt
(1989)used a Monte Carlo simulation of NEO discoveries
to estimate the observational bias in the ratio of an assumed
bimodal population of light (S-type, albedo0.15) and dark
(C-type, albede= 0.047) NEOs.Shoemaker et al. (1990)
used a similar argument to obtain a mean albedo for the
NEOs and to convert their absolute magnitude distribution

1.1. Trendsin albedo and taxonomy

The first step in debiasing the albedo distribution of the
NEOs is to determine whether the albedo is correlated with
the sizes or orbital parameters of the NEOs. There are sug-
gestions that the albedos of S-type asteroids increase with

to a diameter distribution (and ultimately to distributions for d€creasing size when main-belt asteroids are combined with

impact energy and crater diameter). The primary reason for \EOS(Binzel et al., 2002b, 2004; Delbo et al., 2008)-

updating these earlier estimates here is to make use of the?YZing just the NEOs, we find that the correlation between
order-of-magnitude increase in the number of known, cata- albedo and absolute magnitude is not statistically significant

loged NEOs, to take account tfe capabilitis of current at t.he 95% level. For the purposes of the present ana_lysis
NEO search programs that lead to observational biases tha"hich focuses only on the NEOs, we assume that there is no
are different from those of the search programs of the 19805100rrelat|0n between albedo and absolute magnltude. Simi-
and to include the latest taxonomic classifications and albedol@ry, we do not attempt to model any correlation between
measurements for NEOs. taxonomic class and absolute magnitude.

Morbidelli et al. (2002)have recently conducted a sim- In our sample, there is no statistically significant cor-
ilar study. They attempt to define a reasonable albedo dis-relation between albedo andhital eccentricity or incli-
tribution for each of the main-belt source regions that their nNation. There is perhaps sorerrelation between albedo
earlier work(Bottke et al., 2000, 2004)lentified as being ~ and semimajor axis. This correlatllonlls be'tter explained as
the most important suppliers of asteroidal and cometary ma-& dependence of albedo on the jovian Tisserand parame-
terial to the NEO population. The albedo distributions of the ter (Fernandez et al., 2001; Binzel et al., 200%he jov-
main-belt source regions wetleen combinedn the correct ian Tisserand parameter may be calculate@as- a;/a +
proportions to yield an albedo distribution of the NEOs. Un- 2¢€08i)y/(a/a;)(1—¢?) (Kresék, 1979)wherea, is the
fortunately, the albedo distribution of the main-belt source Semimajor axis of Jupiter, and ¢, andi, are the semimajor
regions is poorly known for asteroids in the same size rangeaxis, eccentricity, and ifination of the asteroid7; is ap-
as the NEOs. Thus, the albedos of the small members of theproximately equal to the Jacobi integral, a conserved quan-
main-belt source regions that ultimately become the NEOs tity in the circular, restricted, three-body problem, and has
must be extrapolated from the albedos of the larger mem-traditionally been used to classify comet populations (e.g.,
bers. The work presented here is a complementary approacteissman et al., 2002
that uses direct observation of the physical properties of a  As with the albedos, the relative abundances of the taxo-
subset of the NEOs to determine the albedo distribution of nomic complexes show some correlations with orbital pa-
the NEOs for which albedos are not available. rameters. As shown in Fig. 5 d@inzel et al. (2004)he

This paper describes the debiasing of the NEO taxon- trend is best explained as a correlation with the jovian Tis-
omy and albedo data in a two-step process. First, the ab-serand parameter. Even before debiasing, the darker com-
solute magnitude and orbital element distributions from plexes (C, D, and X) are more abundant than the bright
Stuart (2001are combined with albedo measurements (from complexes (S and Q) fdf; < 3. There do not appear to be
Delbo et al., 200Bwithin each taxonomic complex to define  any other significant trends in the relative abundances of the
an average albedo for each complex. Second, the averagenajor taxonomic complexes versus the orbital parameters.
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Table 1

NEO spectral and albedo data

Taxonomic complex Includes # of NEO albedos # of NEO spectra
A A 0 1

C C, C-subgroups, B, F, G 6 23
D D, T 1 9
e} e} 1 6
Q Q, Sq 7 80
R R 0 1
S S, K, L, S-subgroups 12 125
U U 0 3

\ \Y 3 14

X X, X-subgroups, E, M, P 6 48
Totals 36 310

The taxonomic classes &us and Binzel (2002bgre grouped into 10 complexes followifginzel et al. (2004) The number of NEO spectra and NEATM
albedogDelbo et al., 2003available for each complex is given.

To debias the NEO albedo and taxonomic distributions, where the exponent i§ = 0.39+ 0.013.Equation (2)gives
we will therefore divide the NEO population into two groups the cumulative number of NEOs with absolute magnitudes
defined byT; > 3 andT; < 3. Chapter 4 ofStuart (2003) less than (i.e., brighter than) a specified value. That equa-
contains additional figures and analysis of the correlationstion assumes that the population can be approximated by
between albedo, taxonomy, orbital parameters, and size toa simple exponential function. The number of NEOs can

support the conclusion drawn here tHat is the most im- be expressed equivalently as a diameter distribution, or the
portant parameter that controls trends in the taxonomy data.cumulative number of NEOs witdiameters greater than a
An analysis presented in Chapter 4®tlart (2003)nves- specified value:

tigates what happens if; is not used to divide the NEO w
population. That analysis is found to significantly underesti- N(>D)=AD™". (3)
mate the number of low albedo objects, particularlyinthe D UsingEqg. (1) the exponential slope of the absolute mag-

complex. nitude distribution,8, can be converted into the power-law
_ slope of the diameter distribution quite simply @s= 58.
1.2. Spectroscopic and albedo data Likewise, the scaling constants, and B, can be related by

] . ) A= Bp‘_,z's‘6 106¢, wherepy is the visual geometric albedo.
The taxonomic and albedo data used in this analysis  \we now assume that the NEOs can be divided i#to
are summarized iffables 1 and 2The visible-wavelength a5 onomic complexes where all the members of a complex,
spectral taxonomy is described Binzel et al. (2004) and  ; haye the same albedp;, and the population distribution
Bus gnd B!nzel et al. (2002a; 2002[@)he a]bedo data are  f each taxonomic complex follow&gs. (2) and (3)For
described inDelbo et al. (2003) and Harris and Lagerros g5ch complex we may write that the number of NEOs of

(2002) Here we follow the delineations of the complexes 4t ype with absolute magnitudes brighter tharis given
given byBus (1999)with the actual groupings taken from by

the assignments made in Table 2Bifzel et al. (2004)

Ni(< H)= fiN(< H) = f; B10°¥, (4)
where the f; are the magnitude-limited fractional abun-
dances of each complex, aEdf‘il fi; = 1. These magnitude-
limited fractional abundances are the proportions of the

1.3. Absolute magnitude and diameter distributions

Before proceeding to a discussion of the methods used to
debias the' albedo and spectral dat.a, we willfirst e>§pla|r! S€V"NEOs that would fall into each of the taxonomic complexes
eral equations necessary for working with population distri-

bution functions based unon absolute maanitude ord'ameterif one were to classify all of the NEOs up to some limiting
TLrjul, corl1J er;'on bet eel:lpabsol telrjna n'tg dleuand d'almeter'éabsomte magnitude. The population in each complex can

onversion betw _ u gnitu ! SAiso be described by a diameter distribution given by
(Harris and Harris, 1997)

H =C —5loggD —2.5logopv, (1)

where C = 15.618 is a constant that defines the absolute
magnitude system.

The population model ddtuart (2001jits an exponential
distribution to the number of NEOs versus absolute magni-
tude of the following form:

Ni(> D)=g;N(> D)=g;AD™*, 5)

where theg; are the diameter-limited fractional abundances
of each complex, an§_¥, ¢; = 1. These diameter-limited
fractional abundances are the proportions of the NEOs that
would fall into each of the taxonomic complexes if one were
to classify all of the NEOs down to some limiting diameter.
The f; differ from theg; because the members of one com-
N(< H)= B10%# (2) plex have a different albedo from the members of the other
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Table 2

Details of NEATM albedo measurements used here

Name Complex Absolute magnde Albedo Albelo reference
(433) Eros S 1p 0.21 1
(1566) Icarus Q 1® 0.33 2
(1580) Betulia c 1% 017 2
(1627) Ivar S 12 0.15 3
(1862) Apollo Q 163 0.26 42
(1866) Sisyphus S 18 0.15 3
(1915) Quetzalcoat! S 19 0.31 2
(1980) Tezcatlipoca S 1a 0.14 12
(2100) Ra-Shalom C 16 0.082 3
(2201) Oljato Q 180 0.24 2
(3200) Phaethon c 13 011 42
(3551) Verenia \% 18 0.53 2
(3554) Amun M 159 0.17 4 2
(3671) Dionysus C 16 0.16 2
(3757) 1982 XB S 19 0.34 2
(4034) 1986 PA e} 12 0.52 3
(4055) Magellan \% 10 031 3
(4660) Nereus E 18 0.55 3
(5587) 1990 SB Q 14 0.32 3
(5604) 1992 FE \Y 17 048 3
(5751) Zao E 10 0.36 3
(6053) 1993 BW3 Q 12 0.18 52
(6178) 1986 DA M 151 014 4 2
(6489) Golevka Q 19 0.63 6 2
(9856) 1991 EE S 10 0.30 7
(14402) 1991 DB C 18 014 3
(16834) 1997 WU22 S 19 0.22 3
(19356) 1997 GH3 S 10 0.34 3
(25330) 1999 KV4 C 18 0.052 3
1999 FK21 S 13 0.32 3
1999 NC43 Q 16 014 3
2000 BG19 P 1B 0.043 3
2000 PG3 D 1¥ 0.042 3
2001 FY S 183 0.52 3
2002 BM26 P 201 0.023 3
2002 CT46 S 2B 0.32 3

Shown are the MPC catalog number (if the asteroid is numbered) and mapmevésional designation along with the taxonomic complex from the Bus
Taxonomy, the V-band absolute magnitude, the Webalbedo from the NEATM thermal model, and theblication from which the albedo was obtained.

The reference numbers correspond to the following paperd4drris and Davies (1999P—Harris and Lagerros (20023—Delbo et al. (2003)4—Harris

(1998) 5—Pravec et al. (1997p5—Mottola et al. (1997)7—Harris et al. (1998)The final published versions of these albedo measurements differed slightly
from the pre-publication results given in Table 4.2St@iart (2003)and used in the analysis there. Because of these slight changes in the albedo values, there
are slight differences between the results in this paper aStliart (2003) These results take precedence.

complexes and the number of objects increases rapidly with metric mean which is usually used to average together albe-
decreasing size. Thg andg; can be related by the follow-  dos from different objects. The number-averaged albedo as-
ing equations: sures that the number of NEOs brighter than a given absolute

magnitude is equal to the number with diameters larger than

f,'pi_z's’S the equivalent diameter when the number-averaged albedo is
8= ZM f.p72~5ﬂ’ (6) used inEg. (1)to convert between absolute magnitude and
J=LIT diameter. The number-averd albedo may be calculated
g,'pl.z'sﬂ from the albedos of each complex and either the magnitude-
fi= ~—M _ 258" () limited fractional abundances or the diameter-limited frac-
2j=185P; tional abundances as follows:
We are now in a position to define an average albedo for M 1/(—2.58)
all the NEOs, averaging over all of thg taxonomic com- PN = (Zﬁpi—Z.Sﬂ) ’ 8)
plexes. We start with the definition that we want an aver- )

age albedopy such that wherkqg. (1)is used,N(> D) = M 1/(258)
N(< H) for all diameters and absolute magnitudes. This N = ngz.@s )
“number-averaged” albedo is slightly different from the geo- Pt o '



NEO albedo debiasing 299

1.000

If Egs. (6) and (7are used to relatg andg;, thenEgs. (8)
and (9)give identical values. They are two different ways to
calculate the same value pfy.

If one is interested in a particular diametéx,, then one
can use the average albegg, to define an average absolute
magnitude H,, that is equivalent td,. One can calculate
H, by usingpy and D, in Eq. (1) This averaging function
has the nice property that the same answer will be obtained
if the values ofp; are averaged in subgroups, and then the
subgroups averaged with correct weightings, or if all are av-
eraged as one group. 0.010 ;

0.100 1

Albedo

R* S u* \% X
1.4. Magnitude-limited debiasing Taxonomic Complex

In any telescope search program to discover or study as-Fig. 1. Debiased average albedos. The debiased average albedo of each tax-
teroids, the primary observational selection effect is that the ©n°Mic complex is shown as calculated fréi. (8)using NEATM albedos
o 2 . . . . for NEOs with SMASS taxonomy clasgifitions. Complexes marked with
telescope. is flux limited. That IS, ObIECtS with b”ght appar- * have been assigned albedos from average main-belt values.
ent magnitudes are more likely to be observed than fainter

objects. Since we are assuming that there are no corre!ation§ured albedo, and there are enough D-types to significantly
between the orbital parametenscathe spectral properties affect the final answer. However, the measured albedo for

of the NEOs, the primary selection effect is that NEOs with that D-type NEO (0.042) is quite similar to the average of

brighter absolute magnitudes are more likely to be discov- main-belt D-types, so this NEOs albedo is used as the albedo
ered, and observed for spectra. Therefore, as a first SteD¢or the D complex.

we assume that the observed fractional abundances of NEO To calculate uncertainties for magnitude-limited debias-

spectral types, and the observed albedos within a taxonomic, g '\ye assume a straightforward Gaussian model of errors
complex are absolute magnitude-limited samples, or €quiv- 5 se the standard formula for propagating uncertainties
alen; to thgf,» def'”eo', InEq. (4), We can then usgq. (8)to (Bevington, 1969, p. 59Each of the albedo measurements
obtain debiased ord|ameter-l'|m|ted values. from NEATM is assigned an uncertainty of 30%. The un-
Contrary to the assumptions made above, the actualgeriginty in the albedo is difficult to estimate precisely, be-

NEOs within a single taxonomic complex do not all have . ,se the uncertainty stems primarily from uncertainties in

the same albedo. To define an average albedo within €achy e thermal model used to perform the calculation rather
complex we assume that eachedio measurementwithin a 5, gtatistical noise in the thermal IR data. An uncertainty

single complex represents a subset that have that albedo. Wet 300 is perhaps larger than necessary, but is a safe limit

assume that the measured albedos are a magnitude-limitedhe)q et al., 2003)The observed fractional abundances of

sample of the albedo values within a complex, and we use gach of the taxonomic complexes are assigned Poisson er-
Eq. (8)to obtain an average albedo for each complex. It is ror bars(oy = +/N). The uncertainty in the value d is

important to deb|§s the measured aIbedos.when Obta'r“ngtaken from the linear least-squares fit to the log of the num-
average albedos in each complex. Otherwise, the average o, of NEOs as a function of absolute magnitySeuart,

albedos within each complex would be erroneously high 54413 Al of these uncertainties are combined to calculate
when combining the complexes obtain an overall average g one-standard-deviation uncertainty in the average albedo
albedo. The resulting debiased albedos are givéiignl of the taxonomic complexes, the debiased fractional abun-

Three of the taxonomic complexes have no NEO mem- 4ances of the taxonomic complexes, and the overall, average
bers with a measured albedo, so the A, R, and U complexes,|pado of the NEOS.

have been assigned albedos from average main-belt v“alugs. Several alternative debiasing schemes were explored in
These three complexes (and the O complex with only a sin- chapter 4 ofStuart (2003)involving models of the as-
gle measured albedo) represent a tiny fraction of the NEOS 4 4iq observing programs that produced the NEO orbits,

and so they have very little effect on the final answer. The (550nomies, and albedos. Those models explicitly include
D complex also has only one member with a NEATM mea- e effects of differential phase darkenifigiu and Jewitt,
1989) Those alternatives were all found to produce results
1 The average albedos for main-belt asteroids in the A, R, and U tax- that differed from the magnitude-limited debiasing tech-
onomic complexes were calculated as the geometric mean of the albedoshique by less than 1 standard deviation. The NEO population
from IRAS (Tedesco et al., 200Zat have the appropriate taxonomic clas-  distribution of Bottke et al. (2002was also used in place

sification from the file Taxor_]omic Céaifications, Version 3 in the Physi- of the Stuart population distribution to test the robustness
cal Data System Small Bodies Nodetp://pdssbn.astro.umd.edu/SBNast/

holdings/EAR-A-5-DDR-TAXONOMY-V3.0.htm) which is a compilation f?f the dEbiaSi”Q to differing NEOrbital parameter c_"Stribu'
of the taxonomies oTholen (1984), Barucci et al. (1987), Tedesco et al. tions and to a different value of the absolute magnitude slope
(1989), Howell et al. (1994), and Xu et al. (1995) parameter,8. Debiasing with the Bottke distribution also
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Fig. 2. Fractional abundances versus taxonomy foDslith jovian Tisserand parameter less thant& @bserved fractional abundances are simpleisoof

theT; < 3 NEOs with spectra in each complex. Debiased fractional abundancestaktinomic complexes are computed with magnitude-limited debiasing.
The dark NEO complexes, particularly the D-types dominate irfthe 3 region.

Fractional Abundances for T; > 3
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Fig. 3. Fractional abundances versus taxonomy foONRvith jovian Tisserand parameter greater tBaiThe observed fractional abundances are smpl

counts of thel'; > 3 NEOs with spectra in each complex. Debiased fractional abundahtes taxonomic complexes are computed with magnitude-limited
debiasing. The bright NEO complexes (S, Q), are abundant ifi the 3 region, but there is a large contrilan from the relatively dark X-types.

produced results that agree with these results as describedlominated by very dark object3able 3lists the overall

in Stuart (2003) properties for the two regions. THg < 3 NEOs account for
30% of the population in a diameter-limited sample, while
1.5. Results of albedo and taxonomy debiasing theT; > 3 NEOs account for 70%. The final debiased frac-

tional abundances and average albedos of the ten taxonomic
Only one NEO with7; < 3 has a NEATM albedo mea- complexes are given ifiable 4
surement (2000 PG3), and only 7 NEOs with < 3 have
albedo values from any sour(®inzel et al., 2002a, 2002b)  1.6. Diameter distribution of the NEOs
Therefore, the average albedos for the taxonomic complexes
are assumed to be the same for the< 3 objects and So far, this analysis of the albedos and taxonomic cate-
the T; > 3 objects. However, the fractional abundances of gories of the NEOs has assumed that the number of NEOs
the taxonomic complexes are allowed to vary between theis an exponential function of the absolute magnitude. The
T; <3 andT; > 3 groupsFigure 1shows the debiased av- best fit for the cumulative distributio(Stuart, 2001, 2003)
erage albedo for each of the taxonomic complexes. was found to beV (< H) = 10-388+03% Thjs power law
Figures 2 and 3how the magnitude-limited and diameter- is obtained from a fit to the binned, non-cumulative ab-
limited fractional abundances of the taxonomic complexes solute magnitude distribution which is not exactly a simple
for the two regions. In both cases the debiasing amplifies exponential function. Using the albedos and fractional abun-
the number of NEOs in the dark complexes and reduces thedances fronTable 4 we convert the binned, non-cumulative
proportion of NEOs in the brighter complexes.Hiy. 4 the absolute magnitude distribution into a diameter distribution
difference between th&; < 3 and7; > 3 NEOs is dra- without first simplifying it to an exponential form. This is
matically apparent with th&; < 3 group being much more  done as follows:
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Debiased Fractional Abundances

| OTj<3 §Tj>3 DOAINEAs ——

Fractional Abundance

>
O
w)
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Taxonomic Complex

Fig. 4. Debiased, or diameter-limited, fractibdundances versus taxonomy. The NEOs are sepairete groups with jovian Tisserand parametesager
than or less than 3, and shown as a whole. Overall, the S- and X-type NEOs are the most abundant. HoweVEy, €h3hegion, the dark complexes,
particularly the D-types dominate. The bars aréeft—right order as indicated in the caption.

Table 3
Summary of average NEO properties @mbiasing with Tisserand parameter

T; <3 T; >3 Combined
Average albedo 083+ 0.01 0163+ 0.06 0139+ 0.02
1 km equivalentd magnitude 182+ 0.1 1759 + 0.2 1776 + 0.1
Number bigger than 1 km 29F 50 694+ 110 991+ 160

Average albedo, absolute magnitude equivalent to a 1 km diameter &li&Dpredicted number of NEOs with diameters larger than 1 km for the NEOs
with jovian Tisserand parameter greater than or less than 3 are givenaffdlissis assumes a simple power law model for the NEOs absolute magnitude
distribution, in comparison t&ig. 5which accounts for non-linear features of the@tved absolute magnitude distribution.

Table 4

Fractional abundances and albedos

Taxonomic complex T; < 3 fractional abundance T; > 3 fractional abundance Total figmnal abundance Debiased albedo
A 0.000+£ 0.000 Q003+ 0.003 Q0024 0.002 Q200+ 0.020
C 0.046+0.016 Q120+ 0.041 Q098+ 0.033 Q101+ 0.027
D 0.433+0.194 Q064+ 0.029 Q1754+ 0.078 Q042+ 0.013
(@) 0.000+ 0.000 Q007+ 0.003 Q005+ 0.002 0520+ 0.156
Q 0.058+ 0.016 Q1764+ 0.049 Q1414+ 0.039 Q247+ 0.060
R 0.000+ 0.000 Q002+ 0.002 Q001+ 0.001 Q340+ 0.034
S 0080+ 0.018 Q285+ 0.066 Q2244 0.051 Q239+ 0.044
U 0.000+ 0.000 Q006+ 0.003 Q004+ 0.002 Q300+ 0.030
\% 0.000+£ 0.000 Q019+ 0.008 Q0134 0.006 Q417+ 0.147
X 0.384+0.140 Q318+ 0.117 0338+ 0.124 Q072+ 0.025

This table gives the best estimate for the debiased, diameterdirfiaetional abundances and albedos of the ten taxonomic complexed:;THe8 and

T; > 3 columns are each normalized to unity. Summing over the taxonomic complexes, the NE@$ withaccount for 30% of the NEOs, and those with
T; > 3 account for 70% in a debiased, diameter-limited sample. Withiff th€ 3 population, the C, D, and X complexes account for 86% of the NEOs. Thus,
25% of NEOs are botff; < 3 and in a dark spectral complex and thus candidates for betirgegomet nuclei. These numbers are represented graphically
in Figs. 1-4 These results differ slightly from those of Table 4.7S#fart (2003pue to the minor changes in the underlying albedo measuremenablef 2

(1) Assume that each taxonomicomplex follows the complex, with theT; < 3 and7; > 3 groups separated
binned, non-cumulative absolute magnitude distribu- as well.
tion. (3) Sort all of these bins from all 20 diameter distributions
(2) For each complex, use the debiased, average albedo and in order from largest to smallest diameter, and then cre-
fractional complex abundance, frofable 4to convert ate a cumulative sum.

the absolute magnitude distribution to a binned, non-

cumulative diameter distribution. This is done by using The resulting cumulative diameter distribution is shown
Eq. (1)to convert the absolute magnitude of each binto in Fig. 5.

a diameter, and to use the fractional abundancesto scale This final cumulative diameter distribution for the NEOs
the number of NEOs in the bin to the proper number suffers from at least two problems. One problem is minor,
of NEOs for each complex. This produces 20 separate the other is unavoidable. The first problem is that the analy-
binned diameter distributions, one for each taxonomic sis leading to the average albedos and the debiased fractional



302 J.S Suart, R.P. Binzel / Icarus 170 (2004) 295-311

abundances for the complexes assumed an exponential fornfractional abundances and average albedos to generate a di-
for the number of NEOs as a function of absolute magnitude. ameter distribution is that it reverses the proper causal order.
The real absolute magnitude distribution was then addedUsing this method makes the assumption that all of the tax-
back in at the end of the analysis to obtain a diameter distrib- onomic complexes have the same absolute magnitude dis-
ution. A more rigorous approach would be to use the full ab- tribution with its various bumps and wiggles lined up at the
solute magnitude distribution from the beginning. However, same place in absolute magnitude. Those bumps and wiggles
this would eliminate the possibility of using the magnitude- then get shifted when the absolute magnitude distribution
limited debiasing equation(§) and(8), because the deriva- is converted to a diameter distribution for each taxonomic
tion of those equations requires an analytical form for the complex. When the diameter distributions for the complexes
absolute magnitude distribution. In the absolute magnitude are summed to obtain the cumulative diameter distribution,
range where most of the NEOs with measured albedos residéhe bumps and wiggles that were all lined up in absolute
(145 < H < 18) the distribution is very close to exponential magnitude space get averaged out in diameter space. This
(Stuart, 2001)Including the full absolute magnitude distrib-  is very unlikely to be the case in the real world. The more
ution in the calculations of the observational bias is not war- likely scenario is that the taxonomic complexes have differ-
ranted because it would be a minor effect on the bias correc-ently shaped diameter distributions reflecting differences in
tion factors and the resulting dielsed fractional abundances Mmaterial properties. Any bumps and wiggles in the diam-
and average albedos. This more complicated approacheter distribution would get smoothed out when converting
would also suffer from the second, unavoidable pr0b|em_ to an absolute magnitude distribution. The absolute magni-
The second problem with using the binned, non-cumula- tude distributions for the different taxonomic complexes are
tive absolute magnitude distribution along with the debiased Very unlikely to be perfectly aligned. However, there is re-
ally no alternative to making this assumption. Every NEO
that has been discovered has a measured absolute magnitude,
E whereas only about 3% of them have measured diameters.
—— This Work ] The absolute magnitude distribution is better constrained
~~~~~~ N - Uncertainty than the diameter distribution. Until the albedos and diam-
s T Power-Law ] eters of nearly all of the NEOs have been measured, the best
estimate of the diameter distribution will have to be based
on the absolute magnitude distribution.
Accurate photometry for a large number of main-belt as-
teroids has recently become #dabile from the Sloan Digital
Sky Survey (SDSS}Juric et al., 2002) These results indi-
cate that there is a 0.2 magnitude bias in the asteroid catalog
of the Minor Planet Center. In its simplest form, the result
] implies a shift in the absolute magnitudes of all asteroids
- making them slightly fainter. Consequently, this would re-
L] sult in a reduction in the estimate of the number of NEOs
(and main-belt asteroids) at all absolute magnitudes and
sizes. Preliminary investigation with the first data release
(ADR1.dat) of the Sloan Digital Sky Survey Moving Object
Fig. 5. Cumulative diameter distribution. The solid line shows the cumula- Catalog bttp://www.astro.princeton.edu/~ivezic/sdssmoc/
tive number of NEOs larger than a given diameter. The absolute magnitude sdssmoc.htnlindicates that the bias is not a simple off-
distribution(Stuart_, 2001)s converted to a diameter d‘istribution using the set, but rather is dependent on the apparent magnitude, with
albedos and fractl_onal abundances for the_ taxonomic complexesTaem the offset becoming larger with fainter apparent magnitudes.
ble 4 The dotted lines represent an approximate error envelope. The upper ! . :
side of the error envelope is computed by allowing the number of NEOs ONly @ small number of NEO observations are included in
in each absolute magnitude bin to be one standard deviation above the besthe SDSSMOC (25 observations of 20 different NEOs). The
estimate for that bin, and allowing the albedo of each taxonomic complex error between the apparent visual magnitude predicted from
to be one standard deviation lower than the best estimate for that complexipa cataloged? magnitude and the SDSS measured appar-

and following the same procedure used to calculate the central red curve . . *
(described in the text). The lower side of the error envelope is similarly _ent magnitude (V band synthesized frefhand g™ bands)

calculated by allowing the number of NEOs in edétbin to be one stan- 1S Only 0.05 magnitudes, significantly better than the 0.2
dard deviation low, and the albedo of each taxonomic complex to be one magnitude offset found for main-belt asteroids. Properly cor-
standard deviation ph. Since the two sources of error are not added in  recting for photometric bias in the asteroid catalogs is a large
quadrature, the error envelope is somewhat larger than one standard detask that will not be attempted here. However, the potential

viation. The straight dashed line is not a fit to the solid curve, but is the exists that all asteroid population estimates mav need to be
power-law distribution derived by assuming an exponential absolute mag- pop y

nitude distribution. The dashed line has a power-law slepiedm Eq. (3) revised downwa'rd- _ o .
of —1.95, and calibrated with 991 NEOs larger than 1 km, aSahle 3 The cumulative diameter distribution shown Fig. 5

The number of NEOs with diameters larger than 1 km is 189@0. represents the best current estimate of the overall diameter

10° g——rrrmy ——— —

11090 +/- 180

Cumulative Number of NEAs

0.1 1 10
Diameter, km
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NEO albedo debiasing

distribution for the NEOSs. In the absolute magnitude distri-
bution used to make the diameter distribution, the bin with
the largest absolute magnitude wids= 22.5. For the com-
plex with the lowest albedo, (D-types with albedo of 0.042)
that absolute magnitude bin corresponds to a diameter of
0.18 km. Below that size, the diameter distribution shown
in Fig. 5 is artificially incompleée because of the trunca-
tion of the absolute magnitude distribution. This method of
computing the diameter distribution gives a slightly higher
estimate for the number of NEOs larger 1 km than the esti-
mate given inTable 3 The cumulative diameter distribution
pegs the number of NEOs with diameters larger than 1 km
at 1090+ 180.

2. Impact hazards

With a new model of the orbital distribution and sizes
of the NEOs, it is useful to revisit the issue of asteroid im-
pacts on the Earth and Moon. This issue has been addresse
many times in the last few decad@&hoemaker et al., 1990;
Morrison, 1992; Morbidelli et al., 2002However, the an-
swer is dependent upon the model one chooses for the NE
population. A new model of the NEO population warrants
a new analysis of the NEO inapt threat. Furthermore, the
ability to predict the lunar crater record, under the assump-
tion of a steady-state population of NEOs, is a critical test
for a new NEO population model. The analysis proceeds in
three major steps. Step one is to analyze the probability of
impact for NEOs into the Earth or Moon. This step depends
upon the orbital element distribution of the NEO population,
and when combined with the size distribution yields esti-
mates of the frequency of impacts as a function of impactor

diameter, or impact energy. The second step is to determine

the sizes of craters produckg impactors with specific pa-

rameters and to combine this with the impact probabilities
to obtain the expected rate of production of craters of vari-
ous sizes. The third step is to determine how many craters

303

equatorial radius which is 6378 km. The root-mean-square
impact velocity for the Moon is 19.2 kps, and the corre-
sponding gravitational capture radius is 1751 km, compared
to 1738 km for its geometric radius.

When these impact probability calculations are aver-
aged over the NEO orbital element distribution fr@tuart
(2001) the average impact probability into the Earth is
1.50x 10~° yr~1 per NEO.Morrison et al. (2002have also
calculated the average impact probability, but with a differ-
ent method. They used the 244 NEOs with absolute magni-
tudes less than 18 and perihelion distances less than 1.0 AU
(i.e., those that cross the Earth’s orbit) that had been discov-
ered as of July 3, 2001 to represent the NEO orbital element
distribution. The orbits of those 244 NEOs were propagated
for 100 yr and all approaches to within 0.1 AU of the Earth
were recorded. The encounter velocity of each approach was
used to determine the Earth’s gravitational capture cross-
section for that encounter. The number of encounters was
ﬁ]en scaled by the ratio of the gravitational capture cross-
sectional area to the cross-sectional area of the study sphere
(0.1 AU radius). Morrison et al. found that the impact prob-

Rbility is 1.68 x 10-° yr—1 per NEO and that the weighted,

RMS impact velocity is 20.2 kirs. Alan Harris (personal
communication, 2003) has updated those calculations with
more NEOs (thanks to ongoing discoveries), and a longer
integration time (1000 yr)The updated impact probability

is 1.56 x 1072 yr~1 per NEO, with a mean impact velocity
of 20.9 knys. Thus, the semi-analytical methods used in this
work, agree nearly perfectly with purely numerical methods
using known large NEOs.

We do not use average impact probabilities and veloci-
ties to calculate impact rates to the Earth and Moon. Instead
the distribution of NEOs as a function of orbital parame-
ters(Stuart, 2001)s combined with the impact probability
calculations which are also ariction of orbital parameters.
The NEOs withl'; < 3 have different collision probabilities,
collision velocities, albedo distributions, and density distri-

have already been made on the Earth and Moon and to comPutions compared to the NEOs witfy > 3. All of those

pare this historical crateringcord with the predicted rate of
crater formation from the current NEO population.

2.1. Impact probability calculations

We use Greenberg’s meth@@reenberg, 1982with the
correction noted byBottke and Greenberg (1993p cal-
culate the collision probabilities and collision velocities of
NEOs into the Earth and the Moon as detailed $tuart,
2003, Chapter 5)The calculations of collision probability
for a test asteroid into the Earth or Moon also produce the
impact velocities. The velocity is necessary to calculate im-

factors are taken into account in this collision model.
2.2. Reassessing the Earth impact hazard

Figures 6 and 8how the cumulative collision probability
for the Earth and Moon as a function of absolute magni-
tude and diameter, using the NEO population model from
Stuart (2001) and the diameter distribution derived here.
The overall collision hazard for the Earth for asteroids with
absolute magnitudes less than 18 i85 x 1076 yr—1,
which translates to an average of 1 impact eveBA039°
Myr. In terms of impactor diameter, the collision hazard for

pact energy and to estimate crater diameter, discussed belowthe Earth is that impacts of 1 km or larger have a probability

When the calculated impact velocities are weighted by the
impact probability, and by the NEO population model, the
root-mean-square impact velocity for NEOs hitting the Earth
is 20.9 knys. For that impact velocity, the gravitational cap-
ture radius of the Earth is 7540 km, as opposed to the Earth’s

of 1.67793 x 10-6 yr—1, or 1 impact every B0+ 0.1 Myr.

The real determinant of the damage from an asteroid im-
pact is the total impact engy. In order to calculate the
impact energy, one must know the mass of the asteroid,
not the diameter. Converting from diameter to mass re-
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quires knowledge of the bulk density (and for better ac- lighter, fluffier material, and S-types formed at higher tem-
curacy, a complete shape model, rather than just a diame-peratures on the inner edge of the asteroid belt and are made
ter). The densities of asteroids are even less well sampledof rockier material. Individual asteroids could have bulk den-
than their diameters. However, for C-type and S-type as- sities as high as 8000 km?® if they have high metal content,
teroids, there does appear to be a fairly consistent trendor much lower if they have high internal porosity as result
(Britt et al., 2002) C-type asteroids have bulk densities clus- of being a loosely bound acowlation of boulders. The
tered around 1400 kgn®, whereas S-type asteroids have bulk densities of taxonomic categories other than S-types
bulk densities clustered around 2700/kg. This agrees  and C-types are entirely uncdrained by actual measure-
with the broad understanding of asteroid formation and min- ments Britt et al. (2002)list density measurements for one
eralogy: C-types formed further out in the asteroid belt of V-type, one P-type, two M-types, one F-type, and one G-type
asteroids. Those are all large main-belt asteroids that may
T have very different internal porosities than NEOSs. In the ab-
: E sence of more density measurements we assume that all of
the “dark” taxonomic types (C, D, X) have bulk densities
of 1400 kgm?, and that all of the “bright” types (A, O, Q,
R, S, U, V) have densities of 2700 kg3. At about 200 m,
asteroids probably change from being gravitationally bound
rubble piles to being monolith&ravec and Harris, 2000;
Whiteley et al., 2002)Since a rubble pile has more inter-
nal porosity than a monolith, asteroids smaller than 200 m
may have substantially higher densities than large asteroids.
Most of the results presenteeie concern large asteroids,

10° E This Work ] 10°
L = Morbidelli et al.

Average Interval Between Impacts, years
Cumulative Probability of Impact per year

10° F 410° and there are no density measunents for asteroids smaller

: ] than 200 m, therefore, we have assumed that the bimodal
07— 71 10" density distribution applies at all sizes.

10 12 14 16 18 20 22 24

Using that density assumption, and the fractional abun-
dances of the taxonomic types frorable 4 the probability
Fig. 6. Probability of NEO Earth impact versus absolute magnitude. The Of collision can be calculated as a function of impact en-
distribution of orbital elements and absolute magnitudes for the NEOs ergy, shown inFig. 8 The absolute magnitude distribution
(Stuart, 2001)s combined with impact probability calculations to obtain from Stuart (2001)ends atH = 22.5, which corresponds
the cumulative probability of Earth impact for NEOs brighter than a speci- t di t f imatel 1.8(’) for the darkest of
fied absolute magnitude. 0 a dlame gr Ol approximately m Tor the darkest o

the taxonomic complexes, the D-types. That absolute mag-

nitude distribution was extended # = 25 in order to es-

Absolute Magnitude of NEA

107 —r—rrrrr e e ——3 107
s ' ' This Work] timate the impact rate of bokb with energies as low as
% 10°F ‘xg\ = Morbidelli et al. $10° “i that of the Tunguska impactor. This extrapolation was per-
= [ Spaceguard 1992 |3 8 formed by using the power-law fit found &tuart (2001,)
gl \ 1% 5 N(< H) = 1073881039 for 23< H < 25. The steep
E 1wk ’.\5.\ J0° g falloff in the probability at the largest energies results from
& 1 % a lack of NEOs large enough to produce more energetic im-
2 0'f 0 310° > pacts
@ E 3 )
% aFL 1y B A recent report by a task force of the government of the
g & United Kingdom of Great BritaifUK NEO Task Force,
£t 310" 2 2000)focused on impacts larger thanx410' J as being
& . .f .2 the most significant threat to humanity. These would be from
g OF 1" 5 impactor diameters of about 200 m or larger. We find that im-
ER i3 p iameters of abou m or larger. We find that im
10" F———ermer——A e —————trrr————— 10" pacts of that energy or larger have an average impact rate of
& 1 @ once every 47000+ 6000 yr. Recent estimates of this value
RiRmeRt range from 63000 8000 yr (Morbidelli et al., 2002)to

Fig. 7. Probability of NEO Earth impact versus diameter. The distribution of approximatgly once every 15,000 Morrison, 1992) The'
orbital elements for the NEQStuart, 2001)s combined with the debiased  differences in these estimatage due almost entirely to dif-

diameter distribution derived here, and impact probability calculations to ferences in the estimates of the number of NEOs larger than
obtain the cumulative probability of Earth impact for NEOs larger than a 200 m. These values represent the average time between im-

specified diameter. For comparison, the estimates fkéonbidelli et al. acts. but actual impacts could oceur more or less closel
(2002)and the Spaceguard Survey Reg®forrison, 1992)re shown. The P ’ P y

uncertainties quoted bilorbidelli et al. (2002)are smaller than the plot ~ SPaced solely by chance. ' o
symbols, while the size of the boxes represent approximate uncertainties ~The Tunguska event that devastated a region of Siberian

for the Spaceguard Report. forest in 1908 is estimated to have delivered 4«80 J
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Fig. 8. Probability of NEO impact versus impact energy. The distribution of
orbital elements for the NEQStuart, 2001)s combined with the debiased
diameter distribution derived here, impact probability calculations, and a bi-
modal density distribution to obtain the cumulative probability of impact for
NEOs with impact energy greater than a given energy. Uncertainties shown
represent uncertainty in the nunmteé NEOs but do not reflect uncertainty

in their densities. For comparison, 1 megaton of TNT equal8 4 1015 J.
Vertical lines represent the energy or possible range of energies for various
events. The energy from the Tunguska event is estimated as 24088 )
(Sekanina, 1998)rhe UK NEO Task Force identified>41018 J as a thresh-

old for large-scale regional destructifldk NEO Task Force, 2000)mpact

by a 1 km diameter asteroid at the RMS, Earth-impact velocity of 20.9
km/s with a density of 1400 kin® or 2700 kgm?3 would deliver an en-
ergy of 16 x 1020 or 6x 1070 J, respectively. The energy of the K—T impact
event that formed the Chicxulub crater is estimated as1623-3 x 1024J
(Pope et al., 1997)For comparison, the estimates frdvtorbidelli et al.
(2002)and the Spaceguard Survey Regdbrrison, 1992)re shown. The
uncertainties quoted bylorbidelli et al. (2002)are smaller than the plot
symbols, while the size of the boxes represent approximate uncertainties
for the Spaceguard Report.

of kinetic energy with 5x 10'® J being the most likely
value(Sekanina, 1998)This range of energies corresponds
to an event with a mean interval between impacts of 2000—
3000 yr, using the impact frequencies derived here and
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1400 kgm? for dark complexes are averaged after being
weighted by the taxonomic abundancesTable 4and by
impact probabilities for NEOs witli; < 3 or7; > 3). Thus,

the estimate by Harris and Morrison et al. of the number of
Tunguska-type impactors and the frequency of Tunguska-
type events is higher than the estimate given here because of
the different values for NEO albedo and density.

To test the potential effect of high bulk densities for
small NEOs (as suggested by their rapid rotations) an al-
ternate density assumption was tried. NEOs with diameters
smaller than 200 m were assumed to have no porosity, so
their bulk densities were increased to the grain densities of
presumed meteorite analogs. For the dark complexes, the
grain density of CM meteorites (2700 kg?) was used. For
the bright complexes, the grain density of ordinary chon-
drite meteorites (3800 kgn®) was usedBritt et al., 2002)
These higher densities among small NEOs results in the av-
erage interval between Tunguska-type events being reduced
to 15002000 yr.

2.3. Cratering dynamics

To compare the rate of ceat formation expected from
the NEO population derived here with the observed craters
on the Earth and on the Moon, we will use three crater scal-
ing laws: Melosh’s Pi-scalingMelosh, 1989) Shoemaker’s
formula (Shoemaker et al., 1990and Pierazzo’s formula
(Pierazzo et al., 1997These are defined briefly {{Stuart,
2003, Chapter 5)and more fully in the references given.
The crater scaling formula fro@hoemaker et al. (1990jo-
duces the best match between the NEO population and the
observed craters.

Since the Shoemaker crater scaling formi@aoemaker
et al., 1990)may be difficult to obtain. We define it here,
converting Shoemaker’s units to SI mks units:

o\ 10
—e> (sina)?/3,

i 1/3.4
D, = 0.01436(W—’> <
Pt 8

(10)

t

shown inFig. 8. However, some researchers havg SUQQESFEdywhere D, is the transient crater diametd¥, is the kinetic
baged on an analysis of the Shoemaker—Levy 9 impacts intoenergy of the impactor; and p; are the bulk densities of
Jupiter, that the Tunguska energy could have been as low ashe impactor and target respectivedy, and g; are the sur-

1 x 10 J (Boslough and Crawford, 1997 this is the cor-

face accelerations due to gravity of the Earth and the target

rect energy for the Tunguska event, then these events coulthody respectively, and is the impact angle (vertical impact

have a mean interval between impacts as low as 1000 yr.

This estimate uses an extrapolation of the exponential fit to

hasa = r/2). This formulation is quite similar to Melosh’s
yield scaling, but without the correction for the penetration

the number of NEOs versus absolute magnitude, and so itdepth, and with slightly different treatment of the impactor

does not account for deviations from that simple function
that might occur in the population of small NEQsarris
(2002) and Morrison et al. (2002stimated the frequency of

and target densities. The Shoemaker paper in which this re-
lation is defined treates the resultskd. (10)as the final,
rim-to-rim crater diameter. However, the results are much

Tunguska-type impactors as once every 1000-3000 yr. Thatmore consistent with other scaling laws and with the NEO
estimate assumes that the average albedo of NEOs is 0.11population ifEq. (10)is treated as the transient crater diam-

somewhat darker than the value of 0.14 found here. They
also assumed a mean density of asteroids of 25Q@nkg
which is higher than the 2050 km?® used here (2050 kgn®

is an impact probability-weighted average, that is the av-
erage density when 2700 km® for bright complexes and

eter and an additional factor of 1.8®lelosh, 1989)s used
to convert transient crater diater to final, rim-to-rim crater
diameter,D,, as is done in this paper.

Another issue for crater scaling laws is the transition from
simple to complex craters, which increases the final crater
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. . = 10"y S —— S —
size.Shoemaker et al. (1990ses a simple factor of 1.3t0 > ] ' : o
. . . : 2 12 ] Crater Counts E —_
scale from initial diameters to final, complex crater diame- & 103 Nackumiivanc |, . 2
ters, and they apply this factor above a transition threshold of % 107 “BVTP {10 £
D, =4 km on Earth, withD, scaling inversely with gravity. 2 10_“5 Scalnglaws i1 2
Here we use a slightly more complex formula dueCioft 2 Melosh-Pi - PR
(1985) g 10—15_; —— Pierazzo 4 10 g
Dpl18 3 ] 1w 2
: @ 3 @
Df=—"—. 11 2 ] J10° 5
! DO18 (11) E 107 ;. $
) % _ﬂé One event in age of solar system ) 10" é’
So, to wrap these all together the crater scaling formula g 10"y 1 3
that is used here (labeled as Shoemaké&igs. 9 and 1Dis 2 0] ] 10 §
as follows: 3 i1 2
20
pi \ /34 /g, \ 1/ 23 T TR T T om
D, = 0.01436(W,0_) (g—> (sina)’~, Final Crater Diameter, km
t t
D, =1.56D;, Fig. 9. Lunar cratering ta. The rate of formation of craters on the lunar
D, if D, < D, maria (Ilvanov et al., 2001; Har_tmann et al., 198$)c0mp§red with the
D, — 1.18 expected rate of crater formation from the NEO population models pre-
ST=YZX _ ifD.>~D sented here. The three curves showtimg NEO model results use different
0.18 r * . . A
D*‘ crater scaling laws to derive crater diameters, but all use the same NEO
g population model derived here. The urteémties shown for the preferred
D,.=4 km<—°>, (12) model, Shoemaker scaling, are calculated by increasing or decreasing the
8t number of NEOs in the population model by Tor 180 NEOs at 1 km)

where all units are mksD,, D,, D refer to transient, and do not include uncertainties in asteroid density or crater scaling laws.
Dy " f The overall rate of lunar crater foration, as derived from the NEO pop-

rim-to-rim, _and final crater dlam(?ters reSpeCtIVQ.&y’anq ulation model with the Shoemaker scaling law, matches the rate predicted
g are density and surface acesdtion due to gravity with by counting craters on the lunar maria (BVTP) over crater diameters from
subscriptd, t, e indicating impactor, target, and Earth, re- 2 to over 100 km. The lunar craterqaluction function from Neukum and

spectively, andx is the impact angle (vertical impact has Ivanov is also shown for comparisdivanov et al., 2001)This matches
a=m/2) quite well with the NEO production fution (Shoemaker scaling) for diam-

Continui t th fi . b that eters greater than 10 km. However, below 10 km, there is a severe mismatch
onunuing o use the assumpton given above thal ., e highlands crater productidunction being a factor of 3 or more

dark NEOs (C, D, X complexes) have bulk densities of |ower than the production function based on the NEO population model.
1400 kgm® and that bright NEOs (S, Q, etc. complexes)

have bulk densities of 2700 kg®, we can use any of the 1,y 404 at all crater diameters. This correction has not been
crater scaling laws to convert the impact rates that are givenapp"ed here in comparing the BVTP crater production func-
above as a function of impactor size into crater production tion, with the NEO population. The BVTP crater production
rates for craters larger than a specified size, either on theq,nction used for comparison here has been taken directly
Earth or on the Moon. This rate of crater production rep- from Table 8.4.1 of BVTP. The cumulative crater density of
resents the current rate of crater production from NEOs. It {he average of lunar front-side maria is divided by the aver-
does not include craters produced by long-period comets. age age of the returned lunar maria samples, 3.45 Gyr.

The current rate of crater production, as derived from es- \jgre recent presentationstbfe lunar cratering rate have
timates of the NEO population can be compared with the peen made by Neukum, Ivanov, and coauth@vanov et

historical cratering record. al., 2001; Werner et al., 2002; Neukum and Ivanov, 1994)
_ A primary difference between the crater production func-
2.4. Crater counting on the Moon tion of Neukum et al. and that of BVTP is the inclusion of

craters from the older lunar highlands which may have been

The most comprehensive assessment of the post-margubjected to a substantially higher cratering rate during the
cratering rate is Chapter 8 of the boBksaltic Volcanism Late Heavy BombardmeiiHartmann et al., 2000We also
on the Terrestrial Planets (Hartmann et al., 1981(hence-  compare the lunar crater production function based on the
forth referred to as BVTP). BVTP does not explicitly give  NEO population model to the highlands production function
uncertainties for their estimated cratering rates but suggestof Neukum and Ivanov.
that crater counts by different authors differ by about 30%.
Uncertainties in the area in which craters are counted and in2.5. Comparison with the lunar crater record
the ages of geological provinces would increase the uncer-
tainty in the crater rate to more than 30%. A recent analysis  Figure 9shows the BVTP crater production function for
by Stéffler and Ryder (2001)ndicates that the ages used the average of front-side lunar maria, and the highlands
in BVTP for the maria are too old by about 4% on aver- crater production function of Neukum and Ivanov compared
age. This correction would inease the BVTP cratering rate  with the current cratering rate as predicted by my popula-
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> - population estimates of D’Abramo et al. and Rabinowitz et
& 10 Cmte';_ﬁ;:g‘: g al Those two NEO population estimates are lower than the
g m,.,_; Scaling Laws 0" g NEO population estimate derived here. The Neukum/lvanov
& ] —— Shoemaker |3 ;s 2 crater production function is also lower than the BVTP
g 10 —;"i‘;'r‘;if' & crater production function for crater diameters fron8 to
S 104 ] ® § ~ 15 km.
- 1107 £
10" ] 2 . . .
2 i ® 2.6. Comparison with theterrestrial crater record
éE, 107 ] &
1 ] E . . .

2 v ‘ ] & Geologic processes of erosion and plate subduction make
W g Ohesventivagsofsclacaysien W\ 4100 § calculations of cratering rates on the Earth much more prob-
§ E z lematic than on the Moon. Small craters on the Earth are

0% I A M B B A ) erased quickly, very little of #h Earth’s crust is old enough

to have accumulated enough large craters to count, and much
of the Earth is covered by oceans in which craters last only

Fig. 10. Terrestrial cratering rate. &hate of production of craters on the  a few minutes. However, the craters that are observed on the
Earth as cataloged biyughes (2000} compared with the expected rate of  Earth are available for close scrutiny. Accurate ages can be
crater formation from the impact of NEOs. The NEO population model de- obtained for each crater, and the crater rim and floor can be

rived here is combined with three crater scaling laws to estimate the current . . . .
crater production function on the ElartThe preferred scaling law (Shoe- studied to characterize slummg and formation of complex

maker) is shown with uncertainties computed by changing the number of Crater features such as centugllifts. The cratering record
NEOs in the population model by 1 sttard deviation, and do notinclude  on the Earth has been studied extensively in the last few

uncertainties in NEO density or crater scaling laws. The NEO popula- decades, especially since the Cretaceous—Tertiary extinction
tion model combined with either the Shoemaker or Melosh-Pi scaling laws event was linked with an impa()t\lvarez et al., 1980)Fig-

matches the crater production functicetermined from counting craters on . .
the Earth in the size range from 15 to 35 kirughes, 2000)Below 15 km, ure 10shows the rate of production of impact craters on the

craters on the Earth are eroded by weather and so the counts of small crater&arth(Hughes, 20003s determined by counting and dating
are severely depleted. impact structures, compared to the rate predicted from the
NEO population. We have assumed a density of 2700rkg
tion model and various crater scaling laws. The predicted for terrestrial target rocks. As with the lunar crater produc-
crater production function from the NEO population model tion predictions, the sharp turnover in the predicted number
is quite similar to the function derived by counting craters of large craters on the Earth is because of a lack of NEOs
on the lunar maria. This is consistent with the NEO popu- large enough to produce such large craters. On the Earth,
lation being in steady-state, and with the rate of lunar crater however, the reduction in the number of very small craters,
production being constant for the last 3 Gyr. It also agrees less than about 1 km diameter, is probably real. The simu-
with other recent analyses of the rate of comet impacts andlation included NEOs down to 50 m in diameter. At sizes
suggests that comet impacts are a minor contributor to thebelow 50 m, the atmosphere shields the surface of the Earth
total impactor flux(Weissman et al., 2002The crater pro-  from impact.
duction function of Neukum and Ivanov matches the crater ~ Above crater sizes of about 15 km, the observed cratering
production function derived from the NEO population for rate on the Earth matches the rate predicted from the NEO
crater diameters larger than 10 km. However, there is a sig-population models. Below 10 km, there is a pronounced
nificant mismatch in the range of 1 to 10 km. The largest deficit of observed craters. Most researchéssidve and
difference is that the Neukum/Ivanov production function Shoemaker, 1994or example) attribute the deficit of small
is a factor of 7 lower than the NEO production function at craters to erosion that erasé®em from the crater record,
crater diameters of 2.8 km. and assume that, in the absence of erosion, the production
Werner et al. (2002)erformed a similar comparison be- rate of craters should continue upward roughly as a power
tween the Neukum/lvanov lunar crater production function, law. Hughes (200Q)however, argues that the deficit of small
and the NEO population estimated@Abramo et al. (2001) craters is a real feature of the rate of production of craters,
and Rabinowitz et al. (2000 hey performed the calcula- and not due to some size-dependent erosional process. It is
tions in the opposite direction, converting the lunar crater impossible to reconcile that view with observational data of
production function into a impactor size-frequency distrib- NEOs. A deficit of craters in the 10 km range would require
ution. This approach has the disadvantage that it must usea sharp deviation from a power law in the number of NEOs
an average impact velocity and impactor density. It cannot starting at sizes around 1 km. This marked reduction in the
use a distribution of impact velocities or a distribution of number of 1 km NEOs is not observed. It is also impossible
impactor densities, as was done here, because there is nto reconcile this deficit of craters smaller than 10 km with
way to estimate those quantities from an observed crater.the cratering record on the Moon which is consistent with
Werner et al. found reasonably good agreement betweenthe cratering rate deduced from the observed population of
the Neukum/Ivanov crater production function and the NEO NEOs down to crater sizes of 2 km.

Final Crater Diameter, km
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Fig. 11. Semimajor axis distribution of NEOs. The population model of Fig. 13. Inclination distribution of NEOs. The population modelStéiart

Stuart (2001)s compared with the known population as of 2003 Novem-  (2001)is compared with the known population as of 2003 November 7. The
ber 7. The undiscovered population is the difference, in each semimajor Undiscovered population is the difference, in each inclination bin, between
axis bin, between the model populatiand the known population. The bot-  the model population and the known population. The bottom panel gives
tom panel gives the completeness in each bin, or the fraction of the model the completeness in each bin, or the fraction of the model population that

o 5 o e " aging algorithm that'ensures that the number of NEOs bigger
Eccentricity than a given size will be the same as the number of NEOs

brighter than the equivalent absolute magnitude limit when
Fig. 12. Eccentricity Qistribution of NEOs. The population modeSaiart the resulting average albedo is used to convert between di-
(2001)is compared with the known population as of 2003 November 7. The ameter and absolute magnitude. For the purpose of counting

undiscovered population is the difference, in each eccentricity bin, between id hi . . h
the model population and the known population. The bottom panel gives asteroids, this type of average is an improvement over the

the completeness in each bin, or the fraction of the model population that geometric mean.

-
o

population that has already been discovered. has already been discovered.
ool (MM Undiscovered | space is collapsed into three one-dimensional histograms by
| | 7 ModelPopulation summing over the other three dimensions. The “undiscov-
ffffffff Known ,, . . .

400 ered” population is the difference between the model popu-
] lation and the known population in each bin. Also shown are
5 300 the completeness fractions in each bin, or the fraction of the
§ model population that has already been discovered.

E 200 -
=
1001 3. Conclusions
0——,: 10 g We have presented the results of debiasing the measured
m_-; 05 albedos of the NEOs. The debiasing technique uses an aver-
00 &
i ; . o 5
[$]

has already been discovered. The average albedos for the taxonomic complexes come
out being similar to the main belt but generally a little bit
2.7. Undiscovered NEOs higher than the main-belt averag&able 5summarizes this

for the three complexes for which there are an appreciable
Now that the worldwide effort to catalog NEOs has found number of both main-belt asteroid (MBA) and NEO albe-

more than half of the objects larger than 1 km, it is useful to dos available. For the C-types, the NEOs are nearly twice as
see how the NEOs that have been discovered already com+eflective as their main-belt counterparts, while the S-type
pare with those still undiscovered in terms of orbital element NEOs are only slightly brighter, and the X-types are slightly
distributions. Of course, the orbital elements of undiscovered darker. This higher reflectance for the C-types is a surpris-
NEOs are not known, but a debiased population model caning result that could be due to some residual bias against the
be used to estimate the properties of the NEOs that have nodiscovery of lower albedo C-types relative to higher albedo
been found. IrFigs. 11-13ve compare a debiased popula- C-types.
tion model(Stuart, 2001, 2003yith known population as The debiased fractional abundances of the NEOs do not
of 2003 November 7. For both the model population and the match with the debiased fractional abundances of large
known population, NEOs with absolute magnitude brighter MBAs (diameters> 20 km).Bus and Binzel (2002lgresent,
than 18.5 are included, and the four-dimensional parameterin their Fig. 19, debiased fractional abundances of the taxo-



NEO albedo debiasing 309

Table 5 produces a dark:bright ratio of 1.60. Other researchers re-
Comparison of main-belt and NEO albedos cently found a different dark:bright ratio of 0.87 among the
Taxonomic complex Main-belt albedo NEO albedo NEOs (Morbidelli et al., 2002) The dark:bright ratio pre-

C 0.06=+ 0.04 0101+ 0.027 sented here includes the large (33% of NEO population)
S 020+ 0.06 0238+ 0.044 contribution of the X-types among the dark part of the NEO
X 0.10+0.09 0072+ 0.025 population because their average albedo is 0.072. Morbidelli

The albedos for the main belt are as defineébistnote 1 The albedos for et al. did not explicitly model the taxonomic complexes, but
the NEOs are the debiased average albedos for the complekigs inThe the treatment of the abundant X-types may be the cause
debiased alpedos for the S and X complexes are indistinguishable from theof the discrepancy between these two dark:bright ratios.
average_mam_-belt values, however the C-type NEOs are somewhat brlghterA tf the differen between the dark:bright rati
than their main-belt counterparts. par ro_m ,e erence betwee € da ) 9 alios,
the Morbidelli et al. model agrees very well with the results
found here. Morbidelli et al. find that the absolute magnitude
nomic complexes within the main belt. The fractional abun- threshold that corresponds to a 1 km diameter NEO is 17.85,
dances for the NEOs presented here do not match very wellor an average albedo 0.13. That value is similar to the value
with the abundances for the MBAs. This is not surprising, found hereg(0.139+ 0.02). The impact rates as a function of
as the NEOs are not necessarily a representative samplgmpact energy derived by Morbidelli et al. also agree closely
of the main belt.Bottke et al. (2002)for example, show  \ith the rates found herég. 8.
a higher probability for NEO delivery through the reso- We have presented an average albedo for the NEOs as
nance. Relatively recent collisions near the resonance couldy whole so that the estimates of the NEO population that
lead to abundances of particular types of asteroids in the cur-are presented as a function of absolute magnitude may be
rent NEO population. Indeed, the taxonomic abundances of converted to population estimates as a function of diame-
the NEO population may be the best way to reconstruct the ter, The average albedo is slightly brighter than the generally
Spectral characteristics of the small asteroids that feed theassumed value of 0.11. Because most recent|y pub“shed es-
resonance zones, if the NEOs can be traced back to their oritimates of the number of 1 km NEOs assumed the value of
gins in the main belt. As discussed iBinzel et al. (2004)  0.11 when converting absolute magnitude to diameter, the
taxonomic signatures of the source regions are measurablestimates for the number of 1 km NEOs has been somewhat
in the NEO population. With more spectral and albedo mea- high. We have found that there are about 108280) NEOs
surements of NEOs, the distributions of taxonomic types with diameters larger than 1 km. Currently (2004 June), the
of the small main-belt asteroids feeding the source regionsMinor Planet Center catalog lists 611 known NEOs with ab-
should begin to emerge. solute magnitude®/ < 17.76. This implies that the current
The debiasing procedure we used assumed that thereatalog of known NEOs larger than 1 km in diameter is about
was no correlation between the albedos (or spectra) and56% complete for NEOs bigger than 1 km.
the orbital parameters or size, other than the trend pro- The model of the NEO population developed here has
duced by the Tisserand parameter. While some suggestedeen used to predict the rate of impacts of NEOs into the
trends are emerging with respect to s{pelbo et al., 2003;  Earth and Moon. The Earth suffers globally catastrophic
Binzel et al., 2004)only with a substantial increase in the NEO impacts (larger than 1 km diameter impactor) at an
quantity of spectral and albedo data will it be possible to average rate of once every 500,000 to 700,000 yr, and re-
model these additional depéencies in an analysis of the gionally devastating impacts (4 108 J or more of impact
debiased NEO population. energy) every 41,000 to 53,000 yr. Impacts with energies
The X-types form a substantial fraction of the NEOs. As near that of the Tunguska impactor occur with an average
can be seen ifrig. 3, the relatively low average albedo of rate of once every 2000 to 3000 yr. The rate of crater for-
the X-types significantly boosts their fractional abundance mation on the Earth and Moon, as predicted by the NEO
after debiasing. Since the albedos of the X-types span apopulation model combined with a simple NEO density as-
large range (from 0.023 to 0.55) the debiased albedo for thesumption, impact probability estimates, and crater scaling
complex is particularly dependent upon the small number of laws, is consistent with the observed number of craters on
measurements of very dark objects. However, the resultingthe Earth and Moon.
average albed@.072+ 0.025) is similar to values for the These results combine the largest set of NEO discovery
main-belt X-types, so the debiasing technique is producing statistics from a single survey, the largest set of physical
areasonable estimate for the average NEO albedos. It woulddata on NEOs, and corrections for observational bias. The
be useful to obtain more albedo measurements of the X-typeresult is a comprehensive estimate of the total NEO popu-
NEOs to further refine this average. lation in terms of orbital parameters, absolute magnitudes,
If we combine the taxonomic complexes into two groups albedos, and sizes. This improved description of the NEOs
(complexes A, O, Q, R, S, U, and V become the bright will help us to plan surveys to find and study the remaining
group, and C, D, and X become the dark group), the bright undiscovered NEOSs, to connect the NEOSs to their origins
objects account for 38% of the NEOs, and the dark ob- in the main belt, to connect the NEOs to meteorite sam-
jects account for 62% in a diameter-limited sample. This ples, to compare the Lunar and Terrestrial cratering record to
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the current population of potential impactors, and to under- D’Abramo, G., Harris, A.\W., Boattini, A., Werner, S.C., Harris, A.W.,
stand the magnitude of the NEO impact hazard to the Earth’s Valsecchi, G.B., 2001. A simple probabilistic model to estimate the pop-

biosphere. ulation of near-Earth asteroids. Icarus 153, 214-217.
Delbo, M., Harris, A.W., Binzel, R.P., Pravec, P., Davies, J.K., 2003. Keck
observations of near-Earth asteroids in the thermal infrared. Icarus 166,
116-130.
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