
COLOR CONFIR MATIO N OF ASTEROID FAMIL IES

Zÿeljko Ivezi c«,1 Robert H. Lupto n,1 Mario Jur ic«,1,2 Serge Tabachnik, 1 TomQuinn,3 JamesE.Gunn,1

Gillia n R.Knapp,1 Constance M. Rockosi,3 and Jonathan Brink mann4

Received2002May 31; accepted2002August5

ABSTRACT
We discussoptical colors of 10,592asteroidswith known orbit s selected from a sample of 58,000moving

objectsobservedby the Sloan Digital Sky Survey. This is more than 10 times larger than any sample that
includesboth orbit al parameters and multiband photometric measurementspreviously available. We con-
“rm that asteroid dynamical families,de“nedasclustersin orbit al parameter space,alsostrongly segregatein
color space.In particular, wedemonstrate that the threemajor asteroid families(Eos,Koron is, and Themis)
togetherwith the Vesta family represent four main asteroidcolor types.Their distinctive optical colors indi-
cate that the variations in chemical composition within a family are much smaller than the compositional
di�erencesbetweenfamilies,and they strongly support earlier suggestionsthat asteroidsbelonging to a par-
ticular family havea commonorigin. Weestimatethat over90%of asteroidsbelongto families.
Keywords:minor planets,asteroids „ solarsystem:general

1. INTRODUCTION

Asteroid dynamical families are groups of asteroids in
orbital elementspace(Gradie, Chapman, & Williams 1979;
Gradie, Chapman, & Tedesco1989;Valsecchiet al. 1989).
This clustering was“rst discovered by K. Hirayama (1918;
for a review, seeBinzel 1994),who alsoproposedthat fami-
lies may be the remnants of parent bodies that broke into
fragments. About half of all known asteroidsarebelievedto
belong to famili es;recentwork (Zappalà et al. 1995,here-
after Z95), applying a hierarchical clustering method to a
sampleof 12,487asteroids,has found over 30 families.The
contrast betweenfamili esand the background is especially
strong in the spacespannedby the so-calledproperorbital
elements.Theseelements are nearly invariants of motion
and are thus well suited for discovering objectswith a com-
mon dynamical history (Valsecchi et al. 1989; M ilani &
Knez�ević 1992, hereafter M K92). The current asteroid
motion is described by osculating orbital elements, which
vary with timeasa result of perturbations causedby planets
andarelesssuitablefor studying dynamical famili es.

Asteroid clustering is much weaker in the spacespanned
by directly observedosculating elements than in the space
spannedby derivedproper elements.Figure 1 comparesthe
distribut ions of osculating (top; Bowell 2001)5 and proper
(bottom; M K92) orbital inclination versusorbit al eccentric-
ity for 1720asteroids from the outer region of the main as-
teroid belt (proper semimajor axis larger than 2.84 AU).
This region contains all three major asteroid famili es:Eos,
Koroni s, and Themis, with approximate (a, sin i, e) of
(3.0, 0.18,0.08), (2.9, 0.03,0.05), and (3.15, 0.02, 0.15),
respectively. Herea is propersemimajor axis,sin i is the sine
of theorbital inclination angle,and eiseccentricity.

The proper elementsare derived from the osculating ele-
ments by an approximate perturbation method (MK92 ),
and it ispossiblethat theoverdensitiesevidentin thebottom
panelareat leastpartially createdby that algorithm (Valsec-
chi et al. 1989;Bendjoya 1993).A “rm proof that families
are real therefore requires their con“rmation by a method
that is not basedon dynamical considerations, for example,
that dynamically selected groups have distinctive colors.
While there is observational evidencethat at leastthe most
populousasteroidfamilieshavecharacteristic colors (Dege-
wij, Gradie, & Zellner 1978; Chapman et al. 1989; Bus
1999),eventhe most recentstudiesof the colors of asteroid
families include fewer than 50 objects per family (Florczak
et al. 1998; Doressoundiram et al. 1998; Florczak et al.
1999).The large number (about 10,000) of color measure-
ments for catalogedasteroids (Bowell 2001)recently made
available by the Sloan Digital Sky Survey (SDSS;York et
al. 2000)allow a detailedinvestigation of this question.

2. SDSS OBSERVATIONS OF ASTEROIDS

SDSSis a digital photometric and spectroscopic survey
that will cover one-quarter of the celestial sphere in the
north Galactic cap and producea smallerbut much deeper
multiepoch survey in the southern Galactic hemisphere
(Stoughton et al. 2002).The surveysky coveragewill result
in photometric measurements(Hogg et al. 2001;Smith et al.
2002)for about 50milli on starsand a similar number of gal-
axies,and spectrafor about 1 milli on galaxiesand 100,000
quasars. Although primarily designed for observations of
extragalactic objects, SDSS is signi“can tly contributing to
studies of solar system objects, becauseasteroids in the
imaging survey must be explicitly recognized in order to
avoid contamination of the quasar samples selected for
spectroscopicobservations (Lupton et al. 2001).SDSSwill
increasethe number of asteroids with accurate “ve-color
photometry (Fukugita etal. 1996;Gunn etal. 1998)by more
than 2 orders of magnitude (to about 100,000), and to a
limit more than 5 mag fainter than previousmulticolor sur-
veys(Ivezićet al. 2001,hereafterI01).
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2.1. SDSSM oving-ObjectCatalog

Most of the asteroidsobserved by SDSSare new detec-
tions, becauseSDSS“nds moving objectsto a fainter limit
(V � 21.5) than the completenesslimit of currently avail-
able asteroid catalogs (V � 18). However, SDSS observa-
tions, which are obtained with a baseline of only 5 minutes
(Lupton et al. 2001;I01), are insu� cient to determineaccu-
rate orbits, and we consider only objects that have previ-
ously determined orbital parameters. The details of the
matchingprocedure and a preliminary samplearedescribed
in Jurić et al. (2002, hereafter J02). Here we extend that
analysisto a signi“cantly larger sampleand introd ucea new
methodfor visualizing thedistribution of asteroidsin a mul-
tidimensional space spanned by orbit al parameters and
colors.

The currently availableSDSSmoving-object list (MOC) 6

includesover 58,000observations; 10,592are detections of
unique objects listed in the catalog of known asteroids
(Bowell 2001), and 2010 detections are mult iple observa-
tions of the sameobjects.For a subsetof 6612objects from
this list, the proper orbital elements are also available
(MK92) and areanalyzedhere.Thesesamplesareabout an
order of magnitude larger than usedin previous studiesof

the colors of asteroids, and they also bene“t from the wide
wavelength range spanned by SDSS “lter s (Gunn et al.
1998).7

2.2. Asteroid ColorsasObservedby SDSS

SDSScolorscandistinguishasteroidsof at leastthreedif-
ferent color types (I01; J02). Using four of the “ve SDSS
bands,we construct the color-color diagram shown in Fig-
ure2. Thehorizontal axis8 is

a� � 0:89ðg� rÞ þ 0:45ðr � iÞ � 0:57 ð1Þ

and the vertical axis is i� z, whereg� r, r� i, and i� z are the
asteroid colors measured by SDSS(accurate to about 0.03
mag). Each dot represents one asteroid and is color-coded
according to its position in this diagram (note that thesecol-
ors do not correspond directly to asteroid colors as would
beseenby the human eye).As discussedin I01, the asteroid
distribut ion in this diagram9 is highly bimodal, with over
90% of objects found in one of the two clumps that are
dominatedby rocky S-typeasteroids(a* � 0.15)and carbo-
naceousC-type asteroids (a* � � 0.1). M ost of the remain-
ing objectshave a* colors similar to S-type asteroids and
distinctively blue i� z colors. They aredominated by Vesta-
typeasteroids(Binzel& Xu 1993;J02).

Figures3 and 4 show two two-dimensional projectionsof
the asteroid distribut ion in the spacespannedby proper
semimajor axis,eccentricity, and the sineof the orbital incli-
nation angle,with the points color-codedasin Figure 2. The
vertical bandswherepractically no asteroidsarefound (at a
of 2.065,2.501,2.825,and 3.278AU) arethe 4: 1, 3: 1, 5: 2,
and 2: 1 mean motion resonanceswith Jupiter (the latter
three are the Kirk wood gaps). Figure 5 is analogousto the
bottom panelof Figure 1.

3. DISCUSSION

A striking featureof Figures3, 4, and 5 is the color homo-
geneity and distinctivenessdisplayed by asteroid families.
Each of the threemajor Hira yama famili es„Eos, Koron is,
and Themis„ and also the Vesta family, at (a, sin i, e) of
(2.35,0.12,0.09), has a characteristic color. This strong
color segregation provides “rm support for the reality of
asteroid dynamical famili es. The correlation between the
asteroidcolors and their heliocentric distancehasbeen rec-
ognized sincethe earliest development of asteroid taxono-
mies (Chapman, Mo rrison, & Zellner 1975; Gradie &
Tedesco1982;Zellner, Tholen, & Tedesco 1985;Gradie et
al. 1989).Our analysis indicates that this meancorrelation
(see,e.g., Fig. 23 in I01) is mostly a re”ection of the distinc-
tive colors of asteroid families and their heliocentric
distribut ion.

When only orbital elementsareconsidered,familiesoften
partiall y overlapeachother (Z95), and additional independ-
ent informat ion isneededto improvetheir de“nition s.With
such a massive, accurate and public database as that dis-
cussedhere(the SDSSM OC), it will bepossibleto improve
the classi“cation of asteroid families by simultaneously

Fig. 1.„Distributio n of 1720asteroidsfrom theouter regionof themain
asteroidbelt (proper semimajoraxis larger than 2.84AU). The top panel is
constructed with osculating elements,and the bottom panel with proper
elements.Theclusteringismuchstrongerin proper-elementspace.

6 Available from http://www.sd ss.org/science/index.html.

7 The z band extendsto the near-infrared rangeand allows e�cient rec-
ognition of Vesta-typeasteroids(Binzel& Xu 1993).

8 SeeI01 for a discussionof a* color.
9 For the position of asteroid taxonomic classesin this diagram, see

Fig. 10in I01.
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Fig. 3.„Distrib ution of the 6612asteroidsin the spacespannedby proper inclination and semimajor axis.The dots arecoloredaccordingto their position
in theSDSScolor-color diagramshownin Fig. 2.

Fig. 2.„Distributio n of 6612asteroidswith availableproper orbital elementsin thespacespannedby SDSScolors



Fig. 5.„An analogousdiagramto that shownin the bottom panelof Fig. 1, exceptthat herethe SDSScolor information is alsodisplayed,usingthe color-
codingshownin Fig. 2 (only objectswith proper semimajoraxislargerthan 2.84AU aredisplayed).

Fig. 4.„Same asFig. 3,exceptthat herethedistribution in proper eccentricity vs.semimajor axisisshown



using both the orbita l elements and colors. For example,
the SDSS colors show that the asteroids with
(a, sin i) � (2.65,0.20) are distinctively blue (Fig. 3), prov-
ing that they do not belong to the family with
(a, sin i) � (2.60,0.23)but insteadarea family in their own
right. While this and several similar exampleswere already
recognizedasclusters in the orbital parameter space(Z95),
this work provides a dramatic independent con“ rmation.
Figures 3, 4, and 5 suggestthat the asteroid population is
dominated by families: evenobjects that do not belong to
the most populous families, and thus are interpreted as
background objects in dynamical studies, seemto show
color clustering. Using the de“nitions of families basedon
dynamical analysis (Z95), and aided by SDSS colors, we
estimatethat at least 90% of asteroids are associatedwith
families.10

Proper orbit al elements (MK9 2) are not available for
asteroidswith large semimajor axis and orbital inclinati on.
In order to examine the color distribut ion for objects with
large semimajor axis, such as Trojan asteroids (a � 5.2),
and for objectswith largeinclinati on, suchasasteroidsfrom
the Hungaria family (a � 1.9, sin i � 0.38),we useosculat-
ing orbit al elements.Figure 6 showsthe distribut ion of all

the 10,592known asteroidsobservedby SDSSin the space
spannedby osculating semimajor axis and the sine of the
orbital inclinati on angle,with the points color-codedas in
Figure 2. It is remarkable that various famili escan still be
easily recognized thanks to SDSScolor infor mation. This
“gure vividly demonstratesthat the asteroid population is
dominated by objects that belong to numerous asteroid
families.
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Fig. 6.„Distributio n of 10,592known asteroidsobservedby SDSSin the spacespannedby the osculatinginclination and semimajor axis.The dotsarecol-
oredaccordingto their position in SDSScolor-color diagramshownin Fig. 2. Note that theasteroidpopulation isdominated by families.

10 The preliminary analysis indicatesthat about 1%…5%of objects do
not belongto families. A more detaileddiscussionof the robustnessof this
resultwill bepresentedin a forthcoming publication. Similarly, it isnot cer-
tain yet whetherobjectsnot associatedwith the familiesshowany heliocen-
tric color gradient.
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Lupton , R. H., Gunn, J. E., Ivezić, Z� ., Knapp, G. R., Kent, S.,& Yasuda,

N. 2001,in ASP Conf. Ser.238,Astronomical Data Analysis Software
andSystemsX, ed.F. R. Harnden, Jr., F. A. Primini, & H. E. Payne(San
Francisco:ASP),269
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