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Abstract

By studying color variations between young and old asteroid familiesiwaesfiidence for processes thabdify colors of asteroids over
time. We show that colors of aging surfaces of S-type asteroids become increasingly ‘redder’ and measure the rate of these spectral change
We estimate that the mean spectral slope between 0.35 and 0.9 um increases witkgtirae in My) as~ 0.01 pni ! x logypt. This
empirical fit is valid only for 25 < < 3000 My (the time interval where we have data) and for the mean spectral slope determined from
wide-wavelength filter photometry obtained by the Sloan Digital Sky Survey. We also find that Gy-old terrains of S-type asteroids reflect
about 15% more light at 1-um wavelengths than an 5-My-old S-type asteroid surface when the flux is normalized by the reflected light
at 0.55 um. We attribute these effects to space weathering. This result has important implications for asteroid geology and the origin of
meteorites that reach the Earth. Our results also suggest that surfaces of C-type asteroids exhibit color alterations opposite to those of
S-type asteroids.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction Two lines of evidence suggest that space weathering ef-
fects modify asteroid surfaces:
Studies of soils and rocks collected by the Apollo as-
tronauts provide evidence for processes that alter optical (i) Although many S-type asteroids are probably similar

properties of the lunar surface (e.glapke (2001)and ref- in bulk composition to ordinary chondrite (OC) me-
erences therein). Similarly, tipal properties of an asteroid teorites(Gaffey et al., 1993; McFadden et al., 2001;
surface change over tim€lark et al., 2002a; Chapman, Sullivan et al., 2002)surfaces of S-type asteroids are
2004 and references therein). Because we do not yet have  significantly ‘redder’ than colors of OC meteorites, and
soils taken directly from the surface of an asteroid, surface- have much shallower olivine/pyroxene absorption band
aging processes on asteroids are not well understood. Fol- at 1 pm(Chapman and Salisbury, 1973)
lowing standard terminology, we will refer to processes that (ji Color variations on surfaces of S-type Asteroids (243)
alter optical properties of surfaces of airless bodies (such Ida, (951) Gaspra, and (433) Eros mimic the sense of
as solar wind sputtering, micragteorite impacts, etc.) as the color differences observed for lunar soils with older
‘space weathering’ effects. surfaces being darker and redder in appearéxiee-
erka et al., 1996, 2000; Chapman, 2004; Chapman et
** Corresponding author. Fax: +1(303)546-9687 al., 1996; Clark et al., 2001, 2002a, 2002b; Murchie
E-mail address: davidn@boulder.swri.ed(D. Nesvorny). et al.,, 2002; Bell et al., 2002)Conversely, it is be-
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lieved that other common asteroid types (e.g., the V- teroid family is young or old. In SectioB, we show that
and C-types) show little evidence of optical alteration there exists a correlation beden colors and ages of the as-
with time (McCord et al., 1970; Veverka et al., 1999; teroid families. This result and its implications are discussed
Clark et al., 1999; Keil, 2002) in Section6.

The rate of change of optical properties by space weath-
ering is poorly understood. Using laser experimegtsaki 2. SDSS photometry
et al. (2001)estimated that microeteoroid impacts may
produce significant space weathering effects on a timescale The recently-released Sloan Digital Sky Survey Moving
of order 18 years. On the other han#iapke (2001)cal- Object Catalog, hereafter SDSS M®I&ts astrometric and
culated that solar wind sputtering would produce sufficient photometric data for asteroids observed by the 2.5-meter
nanophase iron coatings on regolith grains to account for Sloan telescope located at Apache Point Observatory, in
asteroid space weathering in only 50,000 years. While the Sunspot, New Mexico. To date, the survey has mapped in
micrometeoroid and solar wind bombardment alter optical detail one-eighth of the entire sky, determining positions,
properties of the uppermost thin layer of regolith, other brightnesses, and five-color CCD photometry of 125,283
processes such as the impact blanketing (or tidal ‘jolt; moving objectglvezic et al., 2001; Stoughton et al., 2002)
Chapman, 2004are competing with th above effects to pe- 35,401 unique moving objects detected by the survey
riodically uncover ‘fresh,’ optically unaltered material (so- (i.€., about 28% of the total) have been matcfdic et al.,
called regolith ‘gardening’). The resulting surface of an 2002)to known asteroids listed in the ASTORB f{Bowell
asteroid is a complex product of these processes whose rela€t al., 1994f The flux reflected bythe detected objects
tive importances and relevatimescales are yet to be deter- Was measured almost simultaneously in five bands (measure-
mined. ments in two successive bands were separated in time by
Here we use the spectrophotometric data obtained by the?2 S) with effective wavelengths 3557 A pand), 4825 A
Sloan Digital Sky Survey (SDSS) to collect evidence for (¢ band), 6261 A £ band), 7672 A { band), and 9097 A
space weathering on astersidVe find that the reflectance  (z band), and with 0.1-0.3-pm band widiffakugita et al.,
spectra of S-type asteroids become redder and that the broad996)
absorption band at 1 pm becomes shallower over time. This These data provide important and unique information
result is similar to previous observations (references above).about asteroids because the SDSS MOC includes one to two
We also find indications that surfaces of the C-type asteroidsorders of magnitude more objects than other catalogs that
may become bluer over time. If true, then the low-reflectivity Were used in the past to study asteroid visible reflectance
material of C-type asteroids exhibits color alterations oppo- SPectra. For example, the Small Main-Belt Asteroid Spec-
site to those inferred for the higher-reflectivity material of troscopic Survey I (SMASS I(Xu et al., 1995) and II
S-type asteroids. We base our evidence on a comparativdSMASS II, Bus and Binzel 2002a, 2002byhich are the
study of young and old asteroid familfethat we find by largest spectroscopic surveys in visible wavelengths to date,
standard techniques but using ten times more asteroid propeProduced a set of visible wavelength spectra for 1447 as-
elementd than previous workéZappala et al., 1994, 1995)  teroids. Figure 1 shows a comparison between the total
Our analysis is in many ways similar to the one used by numbers and magnitude distributions of main-belt asteroids
Jedicke et al. (2004Here, we add to Jedicke et al’s results OPserved by the SDSS and SMASS. These two surveys pro-
by: (i) augmenting the number of studied asteroid families, Vide complementary infornt@n because different magni-
(ii) describing in detail our classification of asteroid families tude ranges were obs:erved by each of them; the SDSS ob-
and ways their ages were determined, and (jii) examining the S€rved smaller asteroids than the SMASS. The SDSS MOC
effects of space weathering on the 1-pm absorption band. has b_een recently used to show many asteroid fam|I|e§’segre—
In Section2, we describe the photometric system of the 9at€ in the color space from their local backgrou(idezic
SDSS and perform several tests to justify the use of spsseét al., 2002) and that thls segregation is apparent at least
colors of asteroids. In SectioBsand4, we explain how we ~ down to absolute magnitudeé ~ 16.0.

find asteroid families and how we determine whether an as- Ve first verified that the SDSS photometry is consis-
tent with published spectra of asteroids. To this end, we

compared the SDSS colors with SMASS speétfar 113

1 An asteroid family is a group of asteroid fragments with similar orbits asteroids with known proper elements that appear in both
that originated in the catastrophic digtion of a large parent body. Some

two dozen robust asteroid families have been identified in the main belt d,atase_ts' In 64 cases (i.e., in 57%)’ the agreementlwas good
(Zappala et al., 1994) (i.e., differences of less then 0.1 in reflectance). To illustrate
2 The proper elements are analytigadefined as constants of orbital  this, Fig. 2 shows a comparison between the SDSS colors
motion of a suitably simplified dynamical system. Unlike the instantaneous
(i.e., osculating) orbital elements etiproper elements are generally nearly ———
constant on 16-1C year time scales, and are widely used to decipher 3 http://www.astro.princeton.edu~ivezic/sdssmoc/sdssmoc. html
the collisional history of the asteroid bgMilani and Knezew, 1994; 4 ftp://ftp.lowell.edu/pub/elgb/astorb.html
Knezevt et al., 2002) 5 The SMASS spectra were obtained friwip://smass.mit.edu/
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Fig. 2. Comparison between the SDSS band reflectances and the SMASS re-
flectance spectra for selected S-, C- and V-type asteroids. We subtracted the
solar analog from the photometriclitmated SDSS magnitudes and con-
verted the magnitudes into fluxes. The fluxes were then normalized to 1 at
5500 A, and offset by 0 or: 0.5. Vertical segments at 3557, 4825, 6261,
7672, and 9097 A showdl error bars for the SDSS reflectances. (1854)
Skvortsov (S-type), (474) Prudentj€-type), and (3869) Norton (V-type)

are shown as examples, where the agreement between the SDSS colors and
and the SMASS reflectanceesgira for selected S-, C- and  SMASS spectra was good.

V-type asteroids. In 43% of cases, the agreement was not

as good. In these cases, the SDSS colors follow the globalthe reflectance spectra over their 0.1-0.3-pm band widths.
shape of the SMASS spectra, but either show systemati-To test this explanation, the SMASS spectra should be con-
cally a slightly steeper slope, or the reflectance inzthand  volved with the SDSS filters and only then be compared to
(9097 A effective wavelength) does not drop as much as thethe SDSS colors. Unfortunately, this cannot be done because
SMASS spectrum near the 1-um absorption band. Individ- the SDSS filters span a larger wavelength range than the
ual SDSS measurements of the flux may differ by as much SMASS data{ 0.3-1.2 pm compared to SMASS's0.45—

as 10-20% from the values measured by the SMASS. 1.0 pm) with only the central SDSSisandi bands being

The origin of these differences cannot be explained by |ocated within the range of SMASS wavelengths.
the accuracy of the SDSS and/or SMASS observations. Re-  To verify whether or not these differences may compro-
peated observations of the same sources demonstrate that th@ise our analysis, we have performed several tests. The
spectrophotometric accuracies of the SDSS and SMASS areSMASS data provided a basis for developing a new aster-
~ 0.02 and~ 0.01 mag, respectiveljivezic et al., 2003;  oid taxonomic systertBus and Binzel, 2002tihat classifies
Bus and Binzel, 2002awhich accounts for only a small  reflectance spectra into a few categories that have interpre-
fraction of the observed discrepancy. The effect of phase tations in terms of the surface mineralogy of asteroids. For
reddening on the SDSS colors is also unlikely to cause aexample, the S-type taxonomic category is characterized by
difference because the SDSS observed at low phase angles spectral redness that is usually attributed to the reflectance
(» 7° rms,~ 35° maximum). Errors in the SDSS colors gen- properties of Fe/Mg-bearing silicates such as olivine and py-
erated by calibration, atmospieextinction, etc., are also  roxene. We may thus ask whether the five-color SDSS pho-
small (< 0.2 mag). Similarly, great care was taken in cali- tometry is good enough to distinguish between asteroids of
brating the SMASS observatio(Bus and Binzel, 2002a) different taxonomic types.

We explain the discrepancy between the SMASS spec- We utilize an algorithm that automatically analyzes pho-
tra and the SDSS colors by the wavelength range of thetometric data in the SDSS MOC and classifies asteroids ac-
SDSS filters. InFig. 2, the SDSS color values were plotted cording to their taxonomic types. This algorithm uses the
at the effective wavelengths of the SDSS filtéFsikugita Principal Component Analysis (hereafter PCA). The PCA
et al., 1996) It is not correct to compare these values with involves a mathematical procedure that transforms a number
the SMASS reflectance spectra at the same wavelengthsof possibly correlated variables into a smaller number of un-
because the SMASS values aoedl, narrow-wavelength-  correlated variables called principal components. The first
range spectral reflectances while the SDSS filters integrateprincipal component accounts for as much of the variabil-

Fig. 1. Absolute magnitudeH() histograms of main-belt asteroids observed
by the SDSS and SMASS. Number of observed asteroids in 0.5 magnitude
bins is shown. The SDSS magnitude distribution is peaked at 14.0-15.0,
where very few SMASS spectra are available. On the other hand, SMASS
observed many asteroids with < 10.0. For this reason, the overlap be-
tween both datasets is small.
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ity in the data as possible, and each succeeding component

accounts for as much of the remaining variability as possi-
ble. In the result, the PCA crest linear combinations of the

five SDSS colors that maximize the separation between the

taxonomic types in the SDSS data.

The first two principal components (i.e., the new uncor-
related variables) that this algorithm yields are given by the
following relationship

PC; = 0.396(u — g) + 0.553(g — r) + 0.567(g — i)

+0.465(g — 2),
PG = —0.819u — g) + 0.017(g — r) + 0.09(g — i)
+0.567(g — 2), (1)

whereu, g, r, i,z are the measured fluxes in five bands af-
ter correction for solar colors. To illustrate the result of
the PCA,Fig. 3 shows the principal components (EG))(

of ~ 100 asteroids with previously known taxonomic types
(Bus and Binzel, 2002bhat were detected by the SDSS.

This figure demonstrates that we can use the first two prin-
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Fig. 3. SDSS asteroids with knowrxomic types shown in the Principal

cipal components to distinguish taxonomic complexes such Component Plane. This plot shows P&nhd PG (Eq. (1)) of ~ 100 aster-

as S, C, or X (sedus and Binzel (2002bjor their de-
finitions); indeed, these corfgxes occupy different loca-
tions in the(PCy, PGy) plane! S-complex asteroids gener-
ally have P@ > 0.35, C-complex asteroids have P€ 0.35
and PG < —0.1, X-complex asteroids have P& 0.35 and
PG = —0.1. Moreover, (4) Vesta and V-type asteroids in the
Vesta family (see, e.gCellino et al., 200Rhave PG = 0.35
and small Pg (only one V-type asteroid was observed by
both SDSS and SMASS as shownhig. 3. (2704) Julian
Loewe has PC~ 0.5 and PG ~ —0.4).

oids detected by the SDSS that have 0.1 mag or smaller errors;irafRC

PG, and that have been taxonomically classifiedBlog and Binzel (2002b)

We see that members of taxonomic complexes S, C, and X are located in
three different regions (dashed lines schematically delimit these regions).
R, K, T, D, L, Ld, A, Sa, SI, Sq, Sr types are subcategories of the S com-
plex. Similarly, B, Ch, Cb and Xc, Xk, Xe are subcategories of the C and X
complexes, respectiveljBus and Binzel, 2002b)

within the taxonomic complexes and the correlation of col-
ors with other parameters.

Based on these results, we conclude that the SDSS MOC
is a useful, self-consistent dataset to study general, statisti-3, Asteroid families

cal variations of colors of smlasteroids in the main belt
but that caution is required to interpret colors in individual
case$ In this work, we study systematic color variations

6 This definition of the principal components slightly differs from the
one used byedicke et al. (2004ecause we used a slightly different dataset
for the PCA thanJedicke et al. (2004)These differences are insignificant

The asteroid belt has collisionally evolved since its for-
mation (seeDavis et al., 2002and other chapters in Sec-
tion 4.2 of the Asteroids Il book). Possibly its most striking
feature is the asteroid families that represent remnants of
large, collisionally disrupted asteroi@ldirayama, 1918)In
the present asteroid belt most asteroid families can be clearly

in the context of this study. The PCA produces color components that more distinguished from the background population of asteroids.

rigorously separate asteroid colors theandi— color components used by
Ivezit et al. (2002) Nevertheless, there exists a correlation betweendvezi
et al’sa and our PG, and between Iveziet al.'si— and our PG. We
will show in Section5 that PG is a proxy for the spectral slope and £i6
related to the spectral curvature.

7 Each of the three main categories has a number of taxonomic subdi-

visions depending on the depths of tilesorption bands, relative redness

or blueness of the reflected light, and other features such as the pres

ence/absence of specific absorption baiais and Binzel, 2002bYlassi-
fication into these categories is diffit to achieve with the SDSS photom-
etry because there is usually not enough resolution with only five colors to
detect these spectral signatures.

8 For example,Fig. 3 shows that about 5% of asteroids in the C-
complex region (P€< 0.35 and PG < —0.1) are not C-complex bodies
and that about 2% of asteroids in the S-complex region; (P©.35) are
not S-complex type bodies. Also, about 3% of the SDSS MOC entries are
instrumental artifact¢lvezic et al., 2002)

To make an efficient use of the SDSS MOC we want to
sort the main-belt asteroids into family and background pop-
ulations and analyze color variations within these sets sepa-
rately. The analysis of the asteroid families may tell us about
things such as asteroid interiors, geological differentiation in
the main belt, or about phenomena that alter asteroid colors

with time. The analysis of background asteroids is more re-
lated to issues such as the primordial temperature gradientin
the proto-planetary nebula, subsequent dynamical excitation
and mixing of bodies formed at different orbital distances
from the Sun. Here, we concentrate on systematic color vari-
ations between the asteroid families.
To identify asteroid families, researchers look for clus-

ters of asteroid positions in the space of proper elements:
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Fig. 4. The dynamical structure of the asteroid belt represented in thactitia diagram.” Each stalactite represents an asteroid family andetethby the

member asteroid that has the lowest designation number. The width of a stalactite atgjgfShows the number of family members that were identified

with dgytoff- Large families, such as those associated with (158) Koronis, (24) Themis, (15) Eunomia, (221) Eos, (4) Vesta, and (44) Nysa, appear as thick
stalactites that persist over a large rangé®fof. Smaller families are represented by thin stalactites are often (but not always, see, e.g., (490) Veritas)
vertically short meaning that their detemation requires a ggific narrow range oftoff- About fifty asteroid families are shown in this figure.

the proper semimajor axisug), proper eccentricity €p), d= nap\/Ca (8ap/ap)? + C.(8ep)? + C; (8 sinip)2, (2)
and proper inclinationif) (Milani and Knezewt, 1994;
KneZevt et al., 2002) These orbital elements describe the . : — 1 D @
size, shape and tilt of orbits. Proper orbital elements, being cular Or?l')t hav(lgg the semimajor am;(sl.)(Sap = |(a2F)’ —apl,
more constant over time than instantaneous orbital elementsd¢P = lep” — ep |, andd sinip = | SiniP. __SiniP I The in-
provide a dynamical criterion of whether or not a group of dexes (1) and (2) denote the two bodies in considerafipn.
bodies has a common ancestor. C. andC; are weighting factors; we adoft, =5/4,C, = 2

To identify an asteroid family, we use a numerical code @NdCi =2 (Zappala et al., 1994pther choices o€, C.
that automatically detects a cluster of asteroid positions in @1dC: yield similar results. _
the 3-dimensional space of proper elements. We based our '€ cutoff distancécutort is @ free parameter. With small
code on the so-called Hierarchical Clustering Method (here- deutot the algorithm identifies tight clusters in the proper el-
after HCM, Zappala et al., 1990 The HCM requires that ement space. With largé&toff the algorithm detectg larger
members of the identified cluster of asteroid positions in the &1d more loosely connected clusters. For the main belt, the

proper elements space be separated by less than a selectéPPropriate va}lugs Of‘?”“’ﬁ are between 1 and 150/% To
distance (the so-called ‘cutoff’) avoid an a priori choice oflcyiofr, We developed software

In the first step, we apply the HCM to a catalog of proper tNhairlilgs ?&M startllng w(;tr; each |nd|V|1d5anI alster;ld in-our
asteroid elementgMilani and Knezewt, 1994; Knezewd = 106 sample and loops over valuesdafiot

et al., 2002y The catalog we used for this work includes between 1 and 150 s with a 1 m's step. The code has

106,284 proper elements (10/10/2002 release). The proce-been optimized so that thjsb takes only a few days on a

. L . o fast workstation.
dure starts with an individual asteroid position in the space . . ' . .
: - L . In Fig. 4, we illustrate the final product of this algorithm
of proper elements and identifies bodies in its neighborhood

with mutual distances less than a threshold lirdit,{orr). We using a stalact|tg diagrar(zappala et al., 1994For each
: . ; . deutoff ON theY-axis we plot all clusters found by the HCM.
define the distance itup, ep, ip) Space by

For example, withicyiorf = 150 ny's, nearly the whole main
belt is linked to a single asteroid, (1) Ceres. We plot a hori-

9 Available at the AstDys nodéftp://hamilton.dm.unipi.ivcgi-bin/astdys/  ZoNntal line segment akutoff = ]:50 m/s with length equal to
astiba the total number of members in this cluster. At smallgkost

wherenap is the heliocentric velocity of an asteroid on a cir-


http://hamilton.dm.unipi.it/cgi-bin/astdys/astibo
http://hamilton.dm.unipi.it/cgi-bin/astdys/astibo
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v deutoff Values has a clear interpretation. To correlate these
' values ofdcyioff With structures and processes operating in
! ] the main belt, we generate movies that show projections of
I 1 the dynamical structure of families intap, ep) and(ap, ip)
KORONIS | ] planes'® Moreover, we programmed an interactive visual-
I
I

IOglo(N)

. ization tool that allows us to work in three dimensions thus
] avoiding problems generated lilye projection effects into
either(ap, ep) or (ap, ip) planes.

With deutost < 12 my/s, the algorithm accumulates mem-
Cutoff (m/s) bers of a very tightly clustered group—the product of a
collisional breakup of the Koronis family member about
5.8 My ago (Karin clusterNesvorny et al., 2003aWith
deutoff ~ 23 nys, the HCM starts to agglomerate the cen-

] tral part of the Koronis family. Withicytorf ~ 40 /s, the

3 algorithm steps over the secular resonance that separates
] central and large semimajor axis parts of the Koronis fam-

- ily (this particular shape resulted from long-term dynamics

] driven by radiation force®ottke et al., 200)L Finally, with

deutoff =, 95 m/s, the algorithm starts to select other struc-
tures in the outer main belt that have unrelated origins. This
Cutoff (m/s) can be seen iffig. 4, where many small stalactites join the
Koronis family atdcytoff = 100 nys.

According to these consideratio@gytorf = 10—20 ny's is
the best choice for the Karin cluster adigioif = 50-90 ny's
is best for the Koronis family. For other families, we choose
deutoff USINg similar criteria. This effort requires human in-
tervention because it is diffittiu(if not impossible) to pro-
gram a general algorithm that takes into account all relevant

| . processes operating in the main belt (such as resonances,
80 100 radiation forces, etc.). A systematic analysis oft56lus-
Cutoff (m/s) ters required a significant work effort. The final product
of our algorithm are the asteroid familiegaple J), lists of
Fig. 5. From top to bottom, the panels show the logarithm of the to- their members selected at appropriate cutoffs, and the list of
tal number of the Koronis family members lggN), the first derivative background asteroids showing no apparent grofigsire 6
dN'/deuoft, and (AN /ddcuroff) /N 10 enhance features for smafl. The illustrates this result: from top to bottom, the panels show
vertical dashed lines indicat&,iof that correspond to important changes . . .
in the slope otV (deyoff)- all main-belt asteroids, family members, and background as-
teroids, respectively. From the total of 106,284 main-belt

the complex structure of the main asteroid belt emerges. Theasteroids, 38,625 are family members (36.3% of total) and
stalactite diagram is extremely useful when we want to sys- 67,659 are background asteroids (63.7%).

tematically classify this information. In fact, more than fifty To determine whether our algorithm produced a reason-
significant groups are shown fig. 4—twice the number ably complete list of asteroid families, we searched for resid-
of robust asteroid families known previougBendjoyaand ~ Ual clusters in the background asteroid population using
Zappala, 2002)We label each stalactite by the lowest num-

bered asteroid in the group (not all these labels appear in™ 10 http:/Awww.boulder. swri.edu~gtidn/morby/NEWfam(100, 000PE)/

Fig. 4), and proceed to the second step of our algorithm. 11 To demonstrate the statistical significance of each family we gener-
In the second step, we select appropri&igos for each ated synthetic distributions of theqper elements and applied the HCM
particular cluster. Unlike the first step of our algorithm that to them. For example, to demonstrate larger than 99% statistical signifi-
is fully automated, the second step requires some nontriy- cance of th(_e Karin cluster, we gen_eraﬂaOO synthetic orbital distribgtions
ial insight into the dynamics of the main-belt asteroids, and corresponding to the Koronis family determineddgiort = 70 mys (ie.,

) . ! 2388 asteroid positions at83 < ap < 2.95 AU, 004 < ep < 0.06, and
cannot be fully automated. We illustrate this for the Ko- 0,033< ip < 0.04), and applied our HCM algorithm to these data. With
ronis family (Zappala et al., 1994)Figure 5shows how deutoff = 10 my/s, we were unable to find a cluster containing more than
the numberN (deutoff) Of members of the cluster linked to fivg members, yet the Karin family cqntains 84 members with digoft
(158) Koronis changes withcutofr. The two bottom panels (Fig. 5. We also used the HCM algorithm on 100 computer-generated as-

L . teroid belts (i.e., 106,284 random orbital positions dt2 ap < 3.25 AU,
show derivatives ofV (dcutoff) that we use to find values of ep < 0.3, andip < 0.3). ONCe againdeyroft = 10 Mys yielded no meaning-

deutoff, Where N (deutoff) /ddcutoft iS large (theselcytorr val- ful structures. We are thus confident that the Karin cluster and other families
ues are labeled by vertical dashed lines). Each of these fouro which we applied the same technique are statistically robust.
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Table 1
List of selected, statistically-robust asteroid families with SDSS color data
Family deutoff # of #in Tax. PG PG Age
(m/s) mem. SDSS type (Gy)
3Juno 50 74 2/11 S .B23 —0.150 -
4 \esta 70 5575 372 \% .891 —0.288 -
8 Flora 80 6131 449 sic - - 10+ 057
10 Hygiea 80 1136 81 C .081 —0.170 20+1.08
15 Eunomia 80 3830 387 S .ap4 —0.156 25+ 0.5¢%
20 Massalia 50 966 36 S 493 —0.139 03+0.19
24 Themis 90 2398 208 C .@2 —0.179 25+1.048
44 Nysa(Polana) 60 4744 229 8/F - - -
46 Hestia 80 154 11 S .624 —0.151 -
87 Sylvia 60 19 1/2 - 37 Q033 -
128 Nemesis 70 133 12 C B9 —0.196 02+0.1
137 Meliboea 120 57 12 C .85 —0.161 -
145 Adeona 60 533 68 C 112 —0.189 Q7+0.5%8
158 Koronis 70 2304 174 S 622 -0.111 25+ 1.04¢
163 Erigone 80 410 22 CIX .038 —0.131 -
170 Maria 100 1621 155 S 578 -0.107 30+ 1.08
221 Eos 80 4412 457 S 4566 —0.104 20405/
283 Emma 40 76 8/12 - .29 —0.053 -
293 Brasili4 80 95 7115 CIX ®22 —0.076 Q05+ 0.04
363 Padua 70 303 22 CIX 273 —0.122 03+0.2
396 Aeolia 20 28 2/3 - 270 —0.187 -
410 Chloris 120 135 10 CIX 241 —0.093 Q7+04
490 Veritas 50 284 35 C .p12 —0.230 83+05 Myd
569 Misa 80 119 8/15 C .054 —0.185 05+0.2
606 Brangane 30 30 3/5 S A1 Q061 Q05+ 0.04
668 Dora 70 404 35 c .091 —0.190 05+0.2%
808 Merxia 100 271 16 S 055 —0.115 05+0.2
832 Karin 10 84 3/6 S 387 —0.228 584 0.2 My?
845 Naema 40 64 8/13 C 1B5 —0.178 Q1+0.05
847 Agnia 40 252 18 S .835 —0.169 02+0.1
1128 Astrid 50 65 6/7 C 221 —0.210 Q1+ 0.05
1272 Gefion 80 973 85 S .24 —0.123 12+0.4°
1400 Tirela 70 212 13 — .014 —0.128 -
1639 Bowe? 100 82 5/10 - 528 0026 -
1644 Rafita 100 382 19 S 588 —0.127 15+ 0.5
1726 Hoffmeister 50 235 22 CIX .058 —0.115 Q3+0.2¢
2980 Cameron 60 162 12 S .58 —0.116 -
3556 Lixiaohua 50 97 7/13 CIX .070 —0.080 03+0.2
4652 lannini 30 18 0/3 & 0.324 —0.109 <5 Myd
9506 Telramund 60 70 3/9 S .8D2 —0.166 -
18405 FY12 50 11 3/3 X Q14 Q001 -

The columns are: lowest numbered asteroid family member; cutoff limit ukgg)f); number of family members determined at this cutoff; number of family
members in the SDSS MOC (for small families we Iéf/N>; where N1 is the number of family members with 0.1 or smaller errors in R6d PG, and
N1 is the number of family members with 0.3 or smaller errorg R6d PG); common taxonomic-complex types among the family members as suggested
by PG and PG (not listed if ambiguous or listed, e.g., as C/X if both C- and X-types are common); the mgaand@®G values; and the age of the
family, when available. Sources for family ages are:N@yzari et al. (1995, 1999)b) Durda and Dermott (1997]c) Bottke et al. (2001)(d) Nesvorny et
al. (2002a, 2002b, 2003{e) Carruba et al. (2003)f) Vokrouhlicky et al. (in preparation), (djttp://www.boulder.swri.edu~bottke/Yarkovskgnd this work
if no label appears in the last column.

1 Dynamical family shows a complex mixture of taxonomic types.

2 Nysa (S-type) and Polana (F-typeellino et al., 2002families listed together.

3 The Karin cluster is excluded.

4 (293) Brasilia is probably an interlop@Xesvorny et al., 2003)

5 (1639) Bower is probably an interlop@¥esvorny et al., 2003)

6 Taxonomic type was determined for members WiHC; < 0.3 andsPG, < 0.3.

proper elements and colors simultaneously. We defined thewhere d is the distance in(ap, ep,ip) subspace defined
distance in(ap, ep, ip, PC1, PGy) space by in Eq. (2), sPG = |PCY — PC?|, andsPG, = |PCY —
Pq2)|. The indexes (1) and (2) denote the two bodies in
considerationCpc is a factor that weights the relative im-

d2 = \[4? + Coc (5PCLY2 + (5PCy)?]. 3)
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Fig. 6. Decomposition of the asteroid belt into family and background asgerbidm top to bottom, the panels show all main-belt asteroids, théyfami
members, and the background asteroids, respectively.

offs listed inTable 1 Some of these family halos may be also

in m/s, we used typicallfCpc = 1P and varied this factor ~ seen in bottom panels ¢fig. 6 that show proper element

in the 10*—10° range to test the dependence of results. distributions of the background asteroids (e.g., the Koronis
We have found no statistically robust concentrations in family halo located atip = 2.9 AU and smallip). Other

the extended proper element/color space that would help ushalos, such as- 30 additional peripheric members of the

to identify new families. This result shows that the list of Nysa—PolandCellino et al., 2001family can be identified

families in Table 1based on the available data is (at least only in the extended proper element/color space, because

nearly) complete. We have also found that the generalizedthey differ from their local background only by colors (i.e.,

HCM search is useful to identify family ‘halos,’ i.e., pop- PC; < 0 for the Polana family).

ulations of peripheric family members that were not joined By choosing cutoff distances, we compromised (i) to

with the rest of the family with the standard HCM and cut- include as many peripheric family members as possible, and

portance of colors in our generalized HCM search. With
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(ii) to avoid including many peripheric interlopers. The se-
lected values of that are listed iTable lare usually restric-
tive (i.e., at the small end of the acceptable range) because

one of the goals of our study is to determine the reliable (ii)

mean colors for family members. We thus tried to avoid in-
cluding many peripheric interlopers by using small

In total, we have identified- 50 statistically robust aster-
oid families. We list 42 selected main-belt familiesTable 1
(i.e., the Pallas family, otheronmain-belt families, and sev-
eral substructures of the prominent main-belt families are
not listed).Table lincludes all most-reliable asteroid fami-
lies listed inBendjoya and Zappala (20025 in total, ex-
cept adispersed clump of asteroids around (110) L{zhgp-
pala et al., 1994, 1995)vhich the HCM failed to identify in
the new proper elements catalog. The large overlap between
our and previous family classifications shows the consis-
tency of our approach. By using more proper element than
previous studies, we found 20 new, statistically-robust as-
teroid families.

4. Agesof asteroid families

Motivated by issues related to space weathering, we will
examine the correlation between the SDSS colors of aster-
oids and their surface ages. Asteroid families are useful in
this context because astereitembers of each family share
the same origin (i.e., the same age). If we knew ages of aster-
oid families, we could better understand space weathering is-
sues by studying color variations among them. For example,
recent work has suggested that S-type asteroids with ‘fresh’
surfaces may have spectra that resemble (or trend toward)
the ordinary chondrite spectra (see, eBinzel et al., 2004

and references therein). If so, members of young S-type as-(iii)

teroid families (such as the Karin clust&tesvorny et al.,
20023 may show more OC-like colors than older S-type as-
teroid families (such as, e.g., the Koronis famN§arzari et
al., 1995; Bottke et al., 2001

To date, we know of four methods that allow us to
estimate the age of an astat family: (i) Family Size-
Frequency Distribution (SFD) Modeling, (ii) Global Main-
Belt SFD Modeling, (iii) Modeling of Family Spreading via
Thermal Forces, and (iv) Backward Numerical Integration
of Orbits. We describe these methods below.

(i) Family SFD modeling. Marzari et al. (1995have mod-
eled the collisional evolution of three prominent aster-
oid families. Their collisional code evolves the initial
SFD with time to match the modeled SFD with the ob-
served SFD of a family. Using this methddarzari et
al. (1995)estimated that the Themis and Koronis fam-
ilies are of order 2 Gy old. These ages are uncertain
because the initial SFD, scaling laws for impacts, and
other parameters of the method are not known a priori.
Moreover, in the case of the Eos family, Marzari et al.’s
collision code generated no reasonable match to the ob-

served SFD. Despite these limitations, Marzari et al.’s
work was important because it showed that the promi-
nent asteroid families are probably billions of years old.
Global main-belt SFD modeling. Durda and Dermott
(1997) modeled the global collisional evolution of
the main asteroid belt. Once the code is calibrated
against the present SFD of the main belt, it can be
used to calculate the typical time interval that elapses
between breakups of diametBr asteroids. For exam-
ple, Durda (personal communication) estimated that a
D ~ 100-km asteroid disrupts somewhere in the main
belt every 18 years, aD ~ 50-km asteroid disrupts
every 2x 10 years, and a> ~ 30-km asteroid dis-
rupts every 5x 10° years. Although these estimates
have large uncertainties they show us that the large
families that correspond to breakups Bf~ 100-km
and larger parent bodies should be billions of years
old, in agreement with (i). On the other hand, families
originating from smaller parent bodies should be more
numerous. For example, hundreds of asteroid families
with D ~ 30 km parent bodies may have been produced
in the asteroid belt since its formation. However, such a
large number of small asteroid families is not observed
today. One obvious solution to this problem is to invoke
some erasure mechanism that eliminates small asteroid
families over time. Indeed, a number of erasure mecha-
nisms are operating in the asteroid belt tofsharzari
etal., 1999; Bottke et al., 2001; Nesvorny et al., 2002b;
Nesvorny and Bottke, 2004t is thus likely that the
observed asteroid families derived from smaller parent
bodies are younger than those created by breakups of
D 2 100-km parent bodies (such as the Themis, Koro-
nis and Eos families).

Modeling of family spreading via thermal forces. A re-
cent analysis has shown that the asteroid families are
subject to slow spreading and dispersal via numer-
ous tiny resonances in the main b@tesvorny et al.,
2002b) Moreover,D < 20 km asteroids are moved in-
ward toward the Sun and outward away from the Sun
over comparatively long timescales by the Yarkovsky
thermal effect; this mechanism provides another means
for dispersing familiegBottke et al., 2001; Nesvorny
et al., 2002b; Carruba et al., 2003; Nesvorny and Bot-
tke, 2004) Therefore, old families’ orbital parameters
in (ap, ep, ip) space do not reflect the immediate out-
comes of cratering events or catastrophic disruptions.
Instead, they reveal how the family members evolved
in (ap, ep, ip) Space over long timescales by dynam-
ical diffusion and chaotic resonances. On the other
hand, tight clusters ifiap, ep, ip) space should repre-
sent young families that have not yet had an opportunity
to disperse via dynamical mechanisms. Using theoret-
ical models of the Yarkovsky effect, D. Vokrouhlicky
(personal communication) estimated that the Eos fam-
ilyis 2.14+0.5 Gy old, andNesvorny et al. (2003pund

that the Themis and Massalia families are 2.5.0 Gy
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Fig. 7. Absolute magnitudesH() and proper semimajor axesp) of the Themis (a) and Massalia (b) family members (dots). The V-shaped lines indicate
positions of Yarkovsky-drifting bodies evolved from the center of the famitieer the indicated time intervals, assuming maximum theoretictlrdtés
inward and outward. The drift rates were computed analytically using linearized approximations of the Yarkovsk{vefierthlicky, 1999) Assuming

a tight initial orbital distribution of a newly born family, the family members are expected to be localized within one of the V-shaped contoyrthdn (a)
distribution inap of the Themis family members with > 12.5 is cut by the chaotic 11:5 and 2:1 mean motiesanances with Jupiter. Using members with

H <125, we estimate that the Themis family i$2: 1.0 Gy old. From (b), the Massalia family is 3@9100 My old. These estimates are robust over a wide
range of the physical parameters compatible with the family’s taxonomic(fypemis is C, Massalia is S) and with asteroidal surfaces covered blthego
The outliers shown in the figure are probably interlopers. Figure fesvorny et al. (2003)

and 300+ 100 My old, respectively. SeEig. 7 for

a brief description of this method. Using the same
method, W.F. Bottke (personal communicafi®nde-
termined the approximate ages of many other asteroid
families. We used the same means and determined ages
for most asteroid families that we have identified.

When available, we list these agesTable 1 These
values are probably subject to a number of system-
atic and random errors. For example, physical para-
meters of asteroids such as the thermal conductivity,
albedo, rotation speed, surface and bulk densities, etc.,
are generally unknown. The strength of the Yarkovsky
effect depends on them in complicated ways (see, e.g.,
Vokrouhlicky, 1999. On the other hand, recent studies
(Chesley et al., 2003; Nesvorny and Bottke, 200hd
observations to directly detect the Yarkovsky effect and
showed that the standard modeling of the Yarkovsky ef-
fect matches the observationally-measured semimajor
axis evolution with reassurg precision. These results
helped us to constrain some of the physical parame-
ters that are most crucial for the correct modeling of
the Yarkovsky effect (such as, e.g., the thermal con-
ductivity). We estimate that the uncertainty in physical
parameters produces up t050% uncertainties in the
age estimates. These uncertainties cannot compromise
our analysis (see next section) because the determined
family ages range over three orders of magnitude.

12 http:/www.boulder.swri.edu~bottke/Yarkovsky/

A more fundamental limitation of an age estimate de-
rived from the spread of an asteroid familydp is that
some part of this spread may come from the collisional
ejection of fragments rather than from the subsequent
gradual spreading of the family members by thermal
effects(Dell'Oro et al., 2004) This is probably not an
important issue for most prominent families that are
spread enough to allow us to gauge their age properly
but poses difficulties for smaller and possibly younger
families. For example, we know that the Karin cluster
was generated by a breakup gE80-km-diameter par-
ent S-type body 5.8 My ago(Nesvorny et al., 2002a;
Nesvorny and Bottke, 2004his family is spread about
0.01 AU inap. Because the 1- to 5-km-diameter mem-
bers of the Karin cluster drift at speeds of only about
3-5x 107° AU per My (Nesvorny and Bottke, 2004)
the observed spread of the Karin clustesgrmust have
been generated by the breakup of the parent body rather
than by the latter slow evolution; we estimate that it
would take~ 70 My for the Yarkovsky effect to gener-
ate the observed spread which is much longer than the
actual family’s age# 5.8 My; Nesvorny et al., 2003a

To roughly compensate for the ejection field compo-
nent, we assumed ejection speeds ‘at infinify;, ~ 15

and V, ~ 30 nys for the S- and C-complex fami-
lies, respectively. Ejection speeds of this order are sug-
gested by dynamical structures of young asteroid fami-
lies (Nesvorny et al., 2002a, 2008jd by the Smooth-
Particle Hydrodynamics modeling of asteroid breakups
(Michel et al., 2002, 2003)The difference between
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the assumed ejection speeds for S- and C-type fam- same Nesvorny et al. (2002a, 2008sed this method
ilies is related to different compositions of their par- to determine the ages of the Karin8at 0.2 My) and
ent bodies. For example, to explain structures of two Veritas (834 0.5 My) families, and also found that the
known pristine asteroid families, the S-type Karin clus- tight family associated with (4652) lannini is probably
ter and the C-type Veritas family, we firid, ~ 15 and < 5 My old. Unfortunately, Nesvorny et al’s method
Vso ~ 30 nVs, respectively. These corrections produce can not be used to determine ages of asteroid fami-
ages that are about 70 and 140 My shorter than those lies that are much older thass 10 My, because the
determined ifV,o = 0 is assumed. orbital evolution of asteroids is usually chaotic and non-
We used the above corrections in an attempt to re- reversible or®> 10-My time scales.

solve an apparent problem with ages determined from

Ve = 0: three families for which the rigorous method In Table 1 we list ages for those asteroid families for

(iv) worked (see below) are all younger than 10 My (the which the age estimates are available. Ages of the Themis
Karin, VeritaS and |annini fam|||es) On the Othel’ hand, and Koronis fam”ies determined from (r)4(2 Gy) are con-
none of the ages determined from families’ dispersions gjstent with determinations obtained from (iy .5 Gy).

in ap using Voo = 0 was larger than 10 My but shorter e |ist the latter values iffable 1 because we believe that
than 100 My even though we find no reason to believe (i) generally provides a more reliable estimate of age. Sim-
that §uch ages should nqt occeur. Although our.solgtlon ilarly, (iv) is obviously more reliable and precise than (iii)
of this problem may be simplistic, we adopted it to im- ¢, the young asteroid families.

prove the consistency between methods (iii) and (iv). We do not list age estimates for fourteen familiesTa
Perhaps a more appropriate choice than a fi¥ed e 1 | these cases, methods (i), (ii), (iii), and (iv) were

for all S- and C-type families would be to assume the (o, (g provide unsatisfactory constraints on age or the age
|n.|t|hal hsprgad Off ﬁ f?mll>|/ that increases (on a;verfellge) determination was not required because the spectral type of
wit t €size 0 t_e amlly s pz_;lrent body (i.e., family- a family is clearly not C or S (families (3) Vesta and (1400)
fqrmllng impacts in large bodies must produce larger Tirela) and/or reliable mean values of P@nd PG cannot
eject||or|133ﬁfact)ads sto tratzfcr)g%ments gat?] etscggs/). Ffor ®Xbe determined with the available data (families (283) Emma,
ample, Dell'Oro et al. (2004)argued that~ 50% of 396y Aaglia, (1639) Bower, (9506) Telramund and (18405)
the prgsent gpregds in the semimajor axis of prominent FY12). For example, method (iv) does not work for any of
?esrtririag dfsvrirt]rl:;? s 'i gusi:)%f d gesfééziea:jgg Vglgaistc?rec;f these families because they aré0 My old and/or their re-
~2 We are dg\)/e_lo ina a method whdt’@)yand age cent orbital histories cannot lbeproduced because of chaos.
can.be fitted simultzfne%usly to orbital distributiogs of Method (iii) does not work for these families for a number
. o - of reasons. We list these reasons in the following paragraph.

at least several prominent families (Mokrouhlicky et al., (3) Juno and (4) Vesta families correspond gt]opcratgerir?g
in preparation). This superior method will help us to . o oo
obtain better understanding &%, for family age esti- e\r/ee:;tf(')sr \rl\g;grs] g}ef;?]ﬂitgswonmzf edgclt;?ne(sf\seeg;uto the
mates from (ii). Our prelimiary results suggest values Ii997) Mer'zhod (iii) fails in thut:se c)::\ses begcausep weg(':an
of V4 that are intermediate between the values as- A

iy not neglect this contribution and have no means to sepa-

sumed here andt,, recommended byell'Oro et al. : :
(2004) rate it from the subsequent spreading by thermal effects.

Backward numerical integration of orbits. To determine (44)_Nysa—PoIana clan is a case -of two families that over-
the exact age of a family the orbits of the family mem- 1P in ap, ep,ip space and are difficult to separate (e.g.,
bers must be numerically integrated into the past. The Cellino et al., 200 (87) Sylvia family is located in a dy-
goal is to show that in some previous epoch the orbits namically complicated region ap ~ 3.5 AU where chaotic

of all cluster members were nearly the safNesvorny resonances (rather than thermal effects) determine the dy-
et al., 2002a)There are two angles that determine the Namical structure of a family. Similarly, (46) Hestia and
orientation of an orbit in space: the longitude of the as- (2980) Cameron families (both S-type) were affected by
cending node) and the argument of periheliom). strong chaotic resonances in the past (e.g., the 3:1 mean
Due to planetary perturbations these angles evolve with motion resonance for the Hestia family) that removed large
different but nearly constant speeds for individual as- fractions of their original populations. The dynamical struc-
teroid orbits. Today, the orbits of the family members tures of these families inp—H space (se€ig. 7) cannot be

are oriented differently irspace because their slightly fit by a V-shaped boundary. (18405) FY12 family has only
dissimilar periods of2 andw produce slow differen-  eleven known members. For this reason, its age cannot be
tial rotation of their orbits with respect to each other. reliably determined by method (i) which is statistical in na-
Eventually, this effect allows2 andw to obtain nearly  ture. Finally, (137) Meliboea family is a C-type family in
uniform distributions in[0°, 36(°]. For a short time  the outer main belt that is probalbiy100 My old because of
after the parent body breakup, however, the orienta- its large spread iap, ep, ip. The large fraction of dynamical
tions of the fragments’ orbits must have been nearly the interlopers ¢ 30% based on the SDSS colors) and the dif-
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ficulty to choose an adequadgutoff prevents us from better

nomic type was determined by past spectroscopic surveys
estimating the age of this family.

(see, e.g.Bus (1999)andCellino et al. (2002) Five fami-
lies that appear to be either C- or X-complex type (no. 293,
363,410, 1726 and 3556) are listed as C/X. For example, the
(1726) Hoffmeister family is igher C or F type according to
Cellino et al. (2002)

Our Table lincludes 24 families that were not listed in

5. Colorsof asteroid families

We used the subset of entries in the SDSS MOC that were ™~/ ! !
matched to asteroids with known orbit eleme(iaric et Cellino et al. (2002pecause their taxonomic type was not
al., 2002)and that havéPC; < 0.1 andsPG, < 0.1, where ~ Known previously. On the other han@gllino et al. (2002)
5PC; andsPG, are the measurement errors in the principal lIStéd 11 families that are not included in olable 1 Four
componentd3 In total, we studied colors of 7593 main- of these families (14 Bellona, 88 Thisbe, 226 Weringia, 729
belt asteroids of which 3026 are family members and 4567 Watsonia) are very dispersed asteroid groups in proper el-
are background main belt objectsig. ). In the follow- ~ €ment space and have beeendfied by means of spec-
ing analysis we will concentrate on color variation between FOSCOPY rather than by the analysis of the proper elements.
asteroid families and its correlation with their age. Other is- 1he (2) Pallas family is not included in our list because
sues, such as the color variations within families, colors of (r21) Pallals has hlgr:Iy_ln(illlnigm?rblgand doesl not apper?r n
the background population, etc., will be discussed elsewherell® catalog of analytically , ate ’prope'r. N ements.t at
(Jedicke et al., in preparation) we use here. Three of Cellino et al.’s families (125 Libera-

Table 1shows the taxonomic-complex types for families tr]ixt,hZ37 Coleltestmla, '322f I:hha)ewere |d|e nt|f|ef[j b_)lfhmeal;ls :
for which the classification was obvious according to our ot the wave'et analysis of the proper elements. 1hese tami-
criteria defined in Sectio. In cases where the taxonomic !les are stat!stlcally less robubecau;e Fhe Wavel'et analysis
type of a family was known previously from observations of Shl'(n?r:’\elx ?1tt?1:aml—? g:fzrgorzlr ae I;x;d igtgg)?hc;n(;%rgg Elf:;?] er
its large members (seeellino et al. (2002gand references anlc[i) (110) Lydia famiI[i)eF:)s are ra';her dispersed. possibly old
therein) we find that this taxonomic type is also predominant i, y . . ISP 4 P yo
for small asteroid family members observed by the SDSS fam!l!es that we have failed to identify as reliable aster0|q
(see alsdvezic et al., 2002 Our simple criteria, however families by using Fhe m'ost rgcent p'roperelement catalog'. Fi-
do not distinguish between subcategories within the three nally, thg HCM fails to |dent|_fy Cellino etal’s (45). Eugenia
broad taxonomic complexes S, C, and X. For this reason wefamIIy with ﬁ S 1205Ws';\(/)h"e al olur otger famk:lles STOWf
- . - SR " “many members with < 120 nys values. Given the goals o
gztrfgmﬁgasr?;léﬁp?:xbaeénc?eﬁc?:ggggécaig%ri?glglx %%eat()l € this study we favor more restrictive criteria for family mem-
although a more refined classification is possible from the bership and will not use these families in our analysis.

SDSS colors in som nd/or the exact familv's tax We selected those families that are clearly either S-, C-,
colors In Some cases andior the exact family's taxo- X-complex type. Unusual cases, such as the Flora and

Erigone families that show many members with SDSS col-
13 For those asteroids that were observed more than once by the SDSSOI'S corresponding to two or more distinct taxonomic com-
we use the color measurement that has the smallest error. plexes, were excluded from the analysis. Next, we removed
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Fig. 9. Principal color components P@nd PG for asteroid families. As shown iRig. 10and discussed in the related text,{Pi€ a proxy for the spectral

slope and Pgis related to the spectral curvature. The bars shevertors of mean PCand PG calculated over all family members witPC; < 0.1 and

SPG, < 0.1. Only families with at least two members matching this criterion are shown. We also do not show families with ambiguous taxonomic types such
as the Flora and Erigone families (SEable 1. The C- (blue) and S-complex (red) families clearly segregate mntiGhe vertical dashed line at RE& 0.35.

The dashed polygon delimits the group of C-complex families that have sicoilars. Six C- and X-complex families appear outside the limit of thisore,

have larger Pg, and span large color range. The recently-formed (490) Veritas&88®) Karin families are denoted in black. Their colors are located at a
periphery of well defined regions {t?C;, PGy) plane that are populated by the “blue” and “red” familiespectively. Note the large color difference between

the (832) Karin and (158) Koronis families. The Vesta family (green) has the smallest mgaalB€among the identified families; the (606) Brangane family

has the largest mean P@alue.

all interlopers from the S-, C-, and X-complex families (e.g., by small PG. The (832) Karin cluster and the (490) Ver-
those member asteroids that have unusual colors relative tatas family, the two youngest kmon asteroid families for
the most other members), and calcula{ed;) and (PG), which we have good color data, are located on a periphery
where(PC;) is the arithmetic mean of thgh principal com- of regions in(PCy, PG) plane that are populated by the S-
ponent over the remaining members of each asteroid family. and C-type families. There is a significant spread of Bad
Figure 9shows the mean colors of S-, C- and X-complex PG for families of the same taxonomic complex. For exam-
families. The S-complex families have P& 0.35 while C- ple, two C-complex families can differ by 0.1-0.2 in PG
and X-complex families have RG< 0.35. The V-type Vesta  and/or PG. Because measurement errors and errors of the
family (denoted in green) differs from the S-type families mean colors areS 0.05,Fig. 9documents true color differ-



Evidence for asteroid space weathering 145

S T T ] in a dashed polygon iRig. 9. We plot only these C-complex
: 1 families inFig. 11because we have found that the remaining
N v - six C- and X-type families do not show a clear correlation
Lé o ] between P and age. We motivate this selection by the fact
3 | that families such as, e.g., the (18405) FY12 family with
S = [ ] mean PG ~ 0, are likely to have a very different miner-
3 ° 1 alogical composition from the C-complex families. For the
§* ] same reason we exclude the (606) Brangane family from the
2 ot S . analysis of the S-complex families because it has unusually
£ T ] large PG (cf. Jedicke et al., 2004
§ - g 1 The trends for S- and C-complex familieskig. 11are
<Qr 7] opposite. Young S-complex families generally have smaller
i PG than old S-complex families, while young C-complex
families tend to have larger RGhan old C-type families.

N -
N P S T SR AN SO S S T HOT SR TR ST S S . . ..
o5 0 05 1 This produces a sort of convergence, where in the limit of

zero age the S- and C-complex families would converge have

similar values { 0.3) of PG. This does not mean that spec-

Fig. 10. Relation between RGand the average spectral slope measured t'ra'Of the S- and C-complgx fqu|I§S bec.ome identical in the

between 0.35 and 0.9 pm. The average slopes have been calculated fronlimit of zero age; they differ in dimensions orthogonal to

five colors listed in the SDSS MOC for those measurements that have PC;.

STFr:Cld< ?]-1da|'?d5F_’Ct2h< 8-1-t'|3,C1 Is ‘f”_‘ts”_‘t)r?g function g thl‘zgpe;téa' slope. We assign these color vs. age trends to effects of space
@ dashed line is the best linear fit with average stei=165x PC;. weathering. In our scenario, surfaces of the member aster-

oids of a family were initially covered by a (perhaps thin)

ences between families. This result is consistent with studies|ayer of ‘fresh’ particulate material that had been excavated
of spectral variability among families by higher-resolution by the disruption event from the parent body interior. This

spectrophotometric measurements (zllino et al., 2002 is consistent with recent results that favor low values of

A simple explanation for this behavior is to interpret col- e g\yrface thermal conductivity for Karin family members
ors in terms of mineralogical differences between parent (Nesvorny and Bottke, 2004)This surface material was
bodies of asteroid families. To this end, we must know how 0y spject to space weathering effects. Spectral changes
PG .and PG correlate with s'p.ectrql featgres that are diag- produced by these effects over time should be similar for
nostic for. presence (.)f specific minerafsgure 10shows all member asteroids of a single asteroid family, because
that PG is an effective measure of the average spectral they should have similar mineralogus, 1999)and their
slope betwegn 0.35 and 0.9 um. On the other hang, PC surfaces have the same age. Becausg B@ proxy for
correlates with the spectral curvature generated by broadthe spectral sloper(g. 10, Fig. 11suggests that colors of
absorption features such asth-um olivine/pyroxene ab- S- and C-complex astero'idsadnome increasingly ‘red’ and
sorption band (e.gGaffey et al., 200 These spectral fea- ‘blue’ over time, respectively. The former result confirms

tures are also affected by asteroid surface properties Sucq’indings of Jedicke et al. (20043nd is consistent with pre-

as the presence of particulate regolith, temperature, etc.Vious studies of space weathering by remote sensing and

(e.g.,Johnson and Fanale, 1973; Roush and Singer,)1984 i )
Moreover, the spectral slope and the depth of the 1-pm ground-based spectrqphotometry (@lark et al,, 2002a;
Chapman, 2004or reviews).

absorption band is affected by space weathering processes™ _: .
(e.g.,Pieters et al., 2000; Hapke, 2001; Clark et al., 2002a; Figure 1lshows that ther.e IS an age qlependent compo
nent to asteroid colors alongtiv mineralogical differences.

Chapman, 2004 Pecause we have no a priori means of disentangling these

To address these issues, we searched for correlations Oeffects we make no distinction between families of different
PC; and PG with asteroid size, distance from the Sun, age . L ;
taxonomic types within the S- and C-complexes. Some jus-

of an asteroid family, etc. Interestingly, the only statistically tification for this approach is suggested by the large color

significant correlation we found is a correlation between PC . : :
- o difference between the (832) Karin and (158) Koronis fam-
th f t fam 11sh lot of
and the age of an asteroid famifigure 11shows a plot o ilies. The Karin family was formed by a breakup of a for-

PG as a function of age for selected S- and C-complex aster- ) . )
oid families: (a) all S-complex families that appealFig. 9 mer Koronis family membe{Nesvorny et al., 2002afor
but (606) Brangane; we also include the S-type (4652) lan-

nini family in Fig. 11using its members witiPC, < 0.3 for this family (i.e., none of its members h8BC; < 0.1 andsPGC, < 0.1).
andsPG < 0.3 (b) All C-complex families that appear  Moreover, the spectral classification of this family is uncertain because of
its unusual Pg value (Table % it is likely an S-complex family because it
- is located in the inner part of the médaelt that is predominantly populated
141t may be debatable whether or not the lannini family should be in- by S-type objects). For these reasons, our interpretation of the SDSS colors
cluded in the current analysis because we do not have good SDSS color datdor this family should be taken with caution.

Principal Component 1
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Fig. 11. Principal color component R@s a function of age for the S- (left panel; adapted fidedicke et al., 2004and C-complex asteroid families (right
panel). We plot here only those C-complex families that appear in the polygon dfiga $h Each family is denoted by its lowest numbered member asteroid.
For example, 832 and 158 in the left panel denote the Karin and Koronis fanmigpectively; 490 and 24 in the right panel denote the Veritas and $hemi
families, respectively. The horizontal bars show errors of family age estimates. The thin vertical bars show RMS variatignwitifif?€ach family and
represent true color variations among fgnmembers. The standard errors of meam R@e denoted by shorter, bold vertical bars. Both S- and C-complex
families show correlations between P@&nd age. These correlations (denoted by dashed limesjtatistically significant. The trends are opposite. Young
S-complex families generally have smaller Pian old S-complex families, while young C-complex families tend to have largerttRa® old C-complex
families. The dashed lines show our best log-linear fits to these trends.

this reason, the Karin and Koronis family asteroids should Recipes(Press et al., 1992yhich let us fit PG vs. logq¢
be compositionally similar. Yet, their SDSS colors differ accounting for errors assooat with both values (for PC
(Fig. 9. Itis natural to assign this color differences to space errors, we used the RMS range of Pé&lues within the fam-
weathering effects because the Karin family is one of the ily). The dashed lines iig. 11show our best-fit results. For
most recently-formed families in the asteroid belt8(5% the S-complex families, we found that P€ Alog,q7 + B
0.2 My old (Nesvorny et al., 2002ayvhile the Koronis fam- (r in My) with A = 0.068+ 0.024 andB = 0.3124+ 0.060,
ily is one of the oldest{ 2—3 Gy old;Marzari et al., 1995;  where the formal errors were determinedfliyt exy. The
Bottke et al., 2001 real uncertainty of this empirical fit must be larger than the
The trends inFig. 11 cannot be explained by assuming formal errors because of the effect of varying composition
that the mean SDSS color varies with asteroid size ratheramong the S-complex families. The slope of the distribu-
than with family age. On one hand it is true that younger tion is significant at greater than the 3evel and there is a
families have usually smaller parent bodies, because small76% correlation coefficient between P&nd log(r). For
main-belt asteroids are disrupted at higher rates than largethe C-type families, we found a less robust correlation with
ones. Also, fragments of small parent bodies are smaller thanthe best-fit parameters given by= —0.052+ 0.023 and
those produced by breakups of large parent bodies. On theB = 0.265+ 0.076.
other hand, the mean SDSS colors are dominated by small, UsingFig. 10that relates PCwith the spectral slope, we
H = 13.0 asteroids which are abundant in both the large and find that the mean spectral slope of the S-complex families
small families. For this reason, the correlation between the increases with time as 0.01 unT? x log,oz. This empiri-
SDSS’s Pg and age occurs independently of whether we do cal fit is valid only for 25 < ¢ < 3000 My (the time interval
or do not consider a size-limited sample of family members. where we have data) and for the mean spectral slope deter-
We have made this and other tests and found no correlationmined from wide-wavelength filter photometry obtained by
of color with size. We also argue that the parent body of the Sloan Digital Sky Survey (for reasons discussed in Sec-
the young Veritas family{ 140 km in size;Tanga et al., tion 2). This result is as one would intuitively expect—the
1999 was larger than parent bodies of many prominent old rate of space weathering is greatest for freshly exposed sur-
families. Thus, the colors of the Veritas familyig. 9 may faces and as the object ages there is less opportunity for more
bear signatures of the recentgini of this family ratherthan ~ weathering to occur on an already weathered surface. The
being determined by the size of its parent body. functional form of the fit that we use here is arbitrary. We
Correlations between RCand logyr have been fit by  choose it because the log-linear fit is simple and does not
straight lines. We used tHe t exy routine from Numerical require any special assumptions about the nature of space
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weathering effects. Segedicke et al. (2004for an alter- L ]
native, theoretically-motivated form of the fit function. See
Pieters et al. (200(ndNoble et al. (2004jor a discussion

of factors that determine the space weathering rate as a func-
tion of time.

The correlation shown ifig. 11for the S-complex fam-
ilies would be much weaker than calculated above if the
data points corresponding to the youngest families (such
as the lannini, Karin and Agnia families) were excluded
from the analysis. For this reason, the youngest families pro-
vide a crucial constraint on our scenario. Fortunately, the
youngest of all, the Karin and lannini clusters, are robust
dynamical families with solid age determinatidiesvorny
et al., 2002a, 2003; Nesvorny and Bottke, 20040, the
S-complex members of the lannini cluster have distinct col-

Relative Reflectance

ors frqm the!r local b'ag:kground of predomlnantly C-type 4000 5000 8000
asteroids. It is thus difficult to explain the colors of Karin
and lannini cluster members by using other assumptions. Wavelength (&)

The young Veritas family and the old Themis and Hygiea , _

families are similarly important to constrain the color-age "'9: 12 SPSS spectrophotometric ador the S-complex Koronis and

. L . . Karin families. Using the same method asHig. 2, we plot the mean re-
correlation for the C-complex families IFIg. 11 The Veri- flectance of Koronis family members that ha\RC; < 0.1 andsPG, < 0.1
tas family is a robust dynamical family with solid age deter- (dashed line), and the RMS variation of the reflectance within the Koronis
mination(Milani and Farinella, 1994; Nesvorny et al., 2003)  family (shaded area around the dasliee). The mean spectral reflectances
The ages of the Themis and Hygiea families are certain only for the Karir_1 cluster (solid line with RMS bars at ef_fect_lve Wavelerjgths of
to about~ 50%.Figure 11shows asteroid family ages over a the SDSS filters) were calculated with the same criteria. The Karin cluster

. .. . shows a shallower spectral slope and deeper 1-um absorption band than the

three orders of magnitude range: the lannini, Karin, and Ver- . onis family.
itas families being the youngest (10 My) and the Maria

family being probably the oldest{(3 Gy). For this reason, ily. We may, however, compare the colors of the Veritas fam-

~ 50% errors in some family age estimates cannot compro-ijly (youngest known C-complex family) with some compo-

mise our results. sitional analog. Possible analogs are the Themis and Hygiea
As was argued earlier, some part of theR@riability be-  families. These families are located in the same region of

tween families must come from the compositional variability the main belt as the Veritas family ¢ 3.2 AU) suggesting
between their parent bodies. For this reason, the spread othat their parent bodies may have accreted from roughly the
data points around the best-fit lineskiig. 11is not sur- ~ same part of the proto-planetary disk. The Themis and Hy-
prising. On the other hand, we find it hard to believe that giea families are also the oldest C-complex families known
compositional variability has a dominant effecthig. 11, (2.5+ 1 and 2+ 1 Gy, respectivelyTable 1. By compar-
because we do not see any reason why colors of young fam-ing their colors with the 8- 0.5 My old Veritas family, the
ilies would differ from colors of old ones. effects of space weathering can be best identified. Because
To probe the effect of composition we compared the re- the Themis and Hygiea families have nearly identical colors,
flectance spectra of the S-cptex Karin and Koronis fam-  we concentrate on the comjson between the Veritas and
ilies (Fig. 12. Because the Karin cluster was produced by Themis families Fig. 13.
a breakup of a former Koronis family member, the miner-  Figure 13illustrates the spectral difference between the
alogical composition of these families should be similar. In two families. The spectral slope of the Veritas family is on
contrast, the spectral slopes at 0.5-0.9 um of Karin clusteraverage steeper than that of the Themis family. No counter-
members are significantly shallower than the spectral slopespart exists among the Themis family members for the steep
of Koronis family membersKig. 12). Moreover, the Karin ~ spectral slope at short wavelengths that is typical for the
cluster members show an absorption feature-d@.9 um Veritas family members. Other young C-complex families
that is deeper than that of Kanis family members. We find  (such as, e.g., the (1128) Astrid family) have spectral slopes
about 15% difference in flux at 0.9 pm when the flux  that are similar to that of the Veritas family. We believe that
is normalized at~ 0.55 um. This comparison shows that these facts may indicate that thgace weathering processes
the difference in composition among the S-complex families modify colors of the C-complex asteroids over time. We
cannot account for the color trends of S-complex families in cannot exclude that compositional differences between the
Fig. 11 C-complex families cause these spectral variations. If the
Unfortunately, a similar comparison can not yet be made Veritas, Themis and Hygiea families are removed from
for the C-complex families because we have not yet identi- Fig. 11, evidence for the age—color correlation among the
fied a recent breakup of a member of an old C-complex fam- C-complex families becomes statistically insignificant.
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among the S-complex families because only a small number
of their dynamical members were observed by the SDSS.
We expect this situation will improve when new, enlarged
releases of the SDSS MOC will become available. Unfor-
- tunately, only one recent C-complex family is known (490
Veritas). This makes it more difficult to obtain conclusive ev-
idence for the space weathering processes on the C-complex
asteroids. Nevertheless, we found a correlation between ages
and colors for the C-complex families. If real, this result sug-
gests that the C-complex asteroids show spectral alterations
by space weathering effects that decrease their mean spec-
tral slope over time. This result needs verification. When a
4 new young C-complex family is identified in the main belt
we predict that its members will show spectral slopes similar
to those of the Veritas family members.
- : - : The opposite trends in weathering effects for S- and
6000 8000 C-complex asteroids could be due to the compositional dif-
Wavelength (R) ferenc;es between the two general types of asteroids. Mqre
experimental work needs to be done on space weathering
Fig. 13. SDSS spectrophotometric datathe C-complex Themis and Ver-  of carbonaceous materials before this issue can be under-
itas families. We plot the mean reflectance of Themis family members that stood. The inherent opacity of carbonaceous material pre-
have PG, < 0.1 andéPC, < 0.1 (dashed line), and its standard error  \,ants transmission and multiple scattering, and suppresses

(shaded area around the dashed liffd)e mean spectral reflectances for both th tral feat d that di
the Veritas family (solid line with error bars) were calculated with the same 0 € spectral features and any process that may mo |fy

criteria. The mean spectral slope of the Veritas family is steeper than the them (e.g.,Shingareva et al., 2003For example, experi-

1.1
T

| I T T |

Themis

0.9
PR TR TN T I T

Relative Reflectance

0.8
T

0.7
~
o
()
()

mean spectral slope of the Themis family. ments on vapor-deposited nanophase iron show this effect
lessens for the low-albedo surface of carbonaceous chon-
6. Summary and discussion drites. These results explain the lack of color and albedo

variations on (253) Mathildéveverka et al., 1999; Clark et

Our work provides new evidence for space weather- al., 1999) Another possibility is that the regolith surface of a
ing effects. Using a novel method, we found that the re- hydrated asteroid could devolatilize and dehydrate over time.
flectance spectra of the S-cphax asteroids become red- Indeed, there is a mixture of dry and hydrated objects among
der and that the broad abyption band at 1 um becomes the low-albedo asteroiddivkin et al., 2003) In this sce-
shallower over time. We measured the rate of these spec-nario, the hydrated minerals which become exposed from the
tral changes. We estimated that the mean spectral slope bedeep interior of the parent body by the family-forming im-
tween 0.35 and 0.9 um increases with timgiven in My) pact loose their water content over time. It is not clear, how-
as~ 0.01 pnT?! x log,yz. This empirical fit is valid only ~ ever, whether (i) the hydrated minerals can retain their water
for 2.5 <+ < 3000 My and cannot be easily extrapolated content during the family-forming impact, and (ii) whether
to arbitrarily small or large. We also found that Gy-old  the optical properties of hydrated minerals are compatible
terrains of S-type asteroids reflect about 15% more light with the SDSS colors of young C-type families (such as the
at ~ 1-um wavelengths than an 5-My-old S-type aster-  (490) Veritas familyFig. 13).
oid surface when the flux is normalized by the reflected  An intriguing application of the determined weathering
light at 0.55 um. These spectral changes were determinedates is the possibility to estimate surface ages for individual
from the wide-wavelength filter photometry obtained by the S- and C-complex asteroids from their color. A systematic
Sloan Digital Sky Survey. 8cause the SDSS filters inte- study of this problem, however, goes beyond the scope of
grate the spectral reflectance over their 0.1-0.3-um widthsthe present study.
(issue discussed in Secti@p caution is required to compare Our work has important implications for the origin of
the determined spectral ahges with other recent studies of ordinary-chondrite (OC) meteorites which are the most
space weathering effects thatad higher-resolution spectra abundant class of meteorites found on the Earth. The re-
(e.g.,Clark et al., 2001, 2002a, 2002b; Murchie et al., 2002; flectance spectra of OC meidtes that are obtained in
Chapman, 2004; Binzel et al., 2004) laboratories show a shallow spectral slope and very deep

The S-complex families with<10 My ages (832 Karin  olivine/pyroxene absorption bands, which are uncommon
and 4652 lannini) are important in establishing the age—color spectral features among the maiek asteroids. This is sur-
correlation for the S-complex families. The ages of these prising because meteorites dragments of the main-belt
young families were determiddoy the most reliable method  asteroids (e.gMcSween, 1998 the spectral characteristics
(iv) described in Sectiod. On the other hand,olerrors of of the OC meteorites and many main-belt asteroids should
mean P@ and PG for these families are among the largest thus be similar.
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To resolve this apparent parad@hapman and Salisbury  lier speculations that many S-complex asteroids could be OC
(1973) proposed a number of processes that may accountmeteorite parent bodies.
for the observed difference. More recently, color variations ~ The Azzurra impact crateits ejecta, and some small,
on surfaces of S-type asteroids observed by the Galileo andmorphologically fresh craters imaged by the Galileo space-
NEAR spacecrafts ((243) Ida, (951) Gaspra, (433) Eros) craft at (243) Ida (a member of the Koronis family) show
provided strong evidence for the space weathering hypothe-bluer-than-average colors and the 1-pum absorption band that
sis because older surface terrains were found to be darkelis ~ 10-15% deeper (flux normalized &t0.55 pm) than
and redder in appearan¢@everka et al., 2000; Clark et  the same spectral band observed on Ida’s weathered terrains
al., 2001, 2002a, 2002b; Murchie et al., 2002; Chapman, (e.g. Veverka et al., 1996; Sullivan et al., 199€omparing
2004)than some geologically recent surface markings. Mi- these values with the ones found in our study (&g, 12,
crometeorite impacts and/or solar wind irradiation that pro- we find that the youngest studied surface features on Ida
duces nanophase iron particles on asteroid regolith grainshaye ages that are comparable to or somewhat older than that
is thought to be responsible for these spectral alterationsgf the Karin cluster (i.e.> 6 My). This result has impor-
(Cassidy and Hapke, 1975; Hapke, 2001; Pieters et al., 20003ant implications for the geology of (243) Ida. In principle,
Sasaki et al., 2001) _ the morphologically fresh craters on Ida could be given ab-
Our results shows that there is an age-dependent compogg|yte dates by carefully sorting their spectra and by using
nent to asteroid colors alongtv mineralogical differences.  he space weathering rate that we have determined.
We cannot disentangle thetsgo effects because we do not The Near-Earth Objects (NEOs) show an abundance of
distinguish between taxonomic subcategories of the C- andgq_4jled Q-type asteroids (about 20%~6f300 surveyed
S-complexes. For exampl&affey et al. (1993proposed a NEOSs are Q-types: seinzel et al. (2002Jor a recent re-
classification scheme basedmineralogical absorption fea- view), which are direct spectrophotometric analogs for the
tures in the near IR that suggests that only one subcategory, qinary chondritic materialnl contrast, no Q-type asteroid

of the S-complex, S(1V), is mineralogically similar to OC has been found to date among the2000 surveyed main
meteorites. Unfortunately, our analysis cannot be restricted belt asteroids (MBAs; e.gBus and Binzel, 2002a, 200pb
tc; }ho;e farr|1|l|gs Olf tlhe S.é.l\t/.) type rt])ecau;e: @ }hebGaffey et This lack of spectrophotometric main-belt analogs for the
a.s minerajogica; classcation scheme has only been ap- - ateorites is a long-debated and fundamental prob-
plied to 39 asteroids, (2) that classification scheme ignored : .
o ; L lem. It is now generally accepted that space weathering
the possibility of space weathering, assigning all spectral rocesses similar to those actin the MoGolfl. 1955
L L i . . . P g on the old, ;
variability withing the S-complex to mineralogical diversi Pieters et al., 2000see Hapke, 2001 for a review) can
fication, and (3) the limited wavelength range of the SDSS darken and redden the initially OC-like (Q-type) spectrum

filters does not allow us to classify asteroids into the Gaffey ) 7
of a fresh asteroid surface, giving it an S-type appearance

et al’s S-complex subcategories. Similarly, the (221) Eos
family contains many K-type (taxonomic subcategory within (seeqark et_al. (2001, 2002a, 2002.lathhapman (2004)
for direct evidence for spaceeathering processes from the

the S-complex) asteroids that are thought to be related to

the CO3 and CV3 chondrites rather than the OC meteorites'\l_EAR'Shoemaker a”?‘ '(.Salileo spacecrafts, @ub and
(Doressoundiram et al., 1998) Binzel (2002b)or a definition of Q-type spectra).

By contrasting colors of the S-type Koronis and Karin The canonical interpretation of these results is that the
families we found that compositional differences can not 12ck of Q-type asteroids among the observationally sam-
account (entirely) for the SDSS color differences. The Ko- pled MBAs is related to asteroid-size-dependent effects on
ronis family originated from a compositionally homoge- surface regolith or to the shorter collisional lifetimes of
neous (probably nondifferentied) parent asteroid because Smaller asteroids (e.gJohnson and Fanale, 1973; Binzel
its member asteroids show homogeneous colors. The Karin€t &l., 1998, 2001, 2002, 2004; Rabinowitz, 1998; Whiteley,
Koronis family member. The asteroids in the Karin clus- are largely incomplete in the size range of typical NEOs
ter must be compositionally similar to the Koronis family (< 5-km diameters).

members. Yet the colors diffeFig. 9). It is also difficult Researchers hypothesize that: (i) Survival lifetimes
to explain how compositional differences could produce the against catastrophic disruption (sbavis et al., 200pde-
trends shown irfFig. 11 crease with decreasing size. Thus, on average, as we ex-

Because we were able to measure the space weatheringmine smaller and smaller objects, we should see younger
rate for S-complex asteroids we can draw several impor- and younger surfaces. (ii) Surfaces showing Q-type spec-
tant conclusions for the origin of OC meteorites and for the tral properties should thus exist, on average, only among
surface geology of asteroids. According to our results, the the smallest asteroids, which become easy spectroscopic
reflectance spectrum of the S-complex asteroids with a few-targets only when they enter into NEO space. (iii) Large,
million-year surface age (such as members of the Karin or OC-like asteroids in the main belt should show, on average,
lannini families) appears to be converging toward that of ‘space-weathered’ spectralqmerties, explaining why they
OC meteorites. This result presents strong support for ear-are taxonomically classified as S-type asteroids.
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There are several problemdétivthis “standard scenario.”  more strongly influence the visible region of spectra, while
For example, many km-sized and larger Q-type NEOs can leaving the near-IR largely unaffected.
be found that have collisional lifetimez 100 My (a recent The 5-color photometry obtained by the Sloan Digital
study byBottke et al. (2002%uggests theirz> 100 My colli- Sky Survey is the only current source that provides spectral
sional lifetimes). Yet, our measurements of the space weath-information for small asteroid families. For example, none of
ering rate (see alstedicke et al., 2004; Yoshida et al., 2004; the Karin and lannini cluster members have been observed
Sasaki et al., 2004suggest that space weathering processesby SMASS(Bus and Binzel, 2002appectra of these fami-
operate on shorter timescales, (0 My) to modify the lies are essential to determitie rate of space weathering on
Q-type spectrum into the S-type spectrum (i.e., produce My time scales. To verify our results it is thus crucial to ob-
a steeper spectral slope, suppress 1- and 2-um absorptiotain good visible and near infra-red spectroscopic data on a
bands; e.gHapke, 2001 If so, we require that the observed representative number of members of the Karin and lannini
Q-type NEOs have surface ages that gr&0 My. This im- families, as well as of any other recently-formed families
plication of the standardcenario is at odds with the colli-  that may be discovered in the future.
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