Large Kuiper Belt Objects: The Mauna Kea 8k CCD SurveyDavid JewittInstitute for Astronomy, 2680 Woodlawn Drive, Honolulu, HI 96822jewitt@ifa.hawaii.eduJane LuuAstronomy Dept., Harvard Univ., 60 Garden St, Cambridge, MA 02138luu@cfa.harvard.eduChadwick TrujilloInstitute for Astronomy, 2680 Woodlawn Drive, Honolulu, HI 96822chad@ifa.hawaii.edu The Astronomical JournalSubmitted 1997 Nov 17Revised 1998 January 14

Large Kuiper Belt ObjectsPage 2AbstractWe describe a large-area ecliptic survey designed to assess the sky-plane surface density ofbright Kuiper Belt Objects. We used a 8192 x 8192 pixel charge-coupled device mosaic to image51.5 sq. deg. to a 50% detection threshold red magnitude mR = 22.5. Thirteen new Kuiper BeltObjects were identified in the survey, including some of the brightest and, presumably, largestknown examples. We use Monte Carlo models to assess the effects of observational bias in oursurvey and to examine (1) the size distribution of bright objects in the Kuiper Belt, (2) the possibleexistence of a cutoff in the size distribution at large radii, (3) the intrinsic ratio of Plutinos to non-resonant ("classical") Kuiper Belt Objects, (4) the intrinsic ratio of populations in the 3:2 and 2:1mean motion resonances and (5) the radial extent of the Kuiper Belt.1IntroductionRecent ground-based observations have unveiled a large number of bodies in orbit beyondNeptune (Jewitt and Luu 1993, 1995; Irwin, Tremaine and Zytkow 1995; Williams et al. 1995;Jewitt, Luu and Chen 1996), in a region now widely known as the Kuiper Belt. Populationestimates based on limited sampling of the ecliptic suggest that more than 70,000 bodies withdiameters ‡ 100 km are to be found in the 30 to 50 AU distance range, with a combined mass oforder 0.1 Earth masses (Jewitt, Luu and Chen 1996). While uncertain, this estimate showsunambiguously that the trans-Neptunian solar system is a richly populated region deserving ofintensive observational study. Ground-based observations have already revealed dynamical sub-structure in the Kuiper Belt. Evidence exists for three separate dynamical classes of trans-Neptunian object:1)Residents of the "classical" Kuiper Belt lie beyond about 40 AU and occupy low inclinationorbits of modest eccentricity. These objects remain far from Neptune and appear to be dynamicallystable over the lifetime of the solar system (Holman and Wisdom 1993; Duncan, Levison andBudd 1995; Morbidelli, Thomas and Moons 1995).

Large Kuiper Belt ObjectsPage 32)In contrast, objects in mean motion resonances approach (and even cross) the orbit ofNeptune, but are protected from close encounters with the planet, as is Pluto (Malhotra 1995).These resonance objects constitute a distinct dynamical class. Approximately 35% (i.e. 25,000) ofthe known Kuiper Belt Objects (KBOs) reside in the 3:2 resonance (the so-called "Plutinos"; Jewittand Luu 1995; Jewitt, Luu and Chen 1996). The discovery of the Plutinos has provoked a numberof theories for the origin and long-term evolution of resonant structure in the outer solar system(Malhotra 1995, 1996; Levison and Stern 1995), and has revealed the true nature of Pluto as thelargest known member of the Plutino family. 3) Most recently (and as part of the present wide-field survey), we have identified a thirddistinct dynamical class in 1996 TL66 (Luu et al. 1997). Members of this class of �SKBOs�(Scattered Kuiper Belt Objects) follow large, highly eccentric and inclined orbits generally withperihelion distances > 30 AU. They may constitute a chaotic swarm of bodies scattered outwardsby Neptune in the early phases of the solar system (Torbett 1989; Ip and Fernandez 1991; Duncanand Levison 1997). The number of SKBOs is highly uncertain, but a population of order 6 x 103(500 km diameter or larger) is suggested by the discovery of 1996 TL66 (Luu et al. 1997). Inabsolute numbers the SKBOs may dominate the trans-Neptunian region. However, the SKBOsappear rare in magnitude limited surveys because their large, eccentric orbits render them invisibleexcept when near perihelion.Much work remains to be done to establish the precise nature, origin and significance ofdynamical sub-structure in the Kuiper Belt. One problem in the study of the global properties ofthe trans-Neptunian solar system is that only a fraction of the known KBOs were identified incontrolled surveys of known depth and areal coverage (specifically, 7 objects from Jewitt and Luu(1995), 2 from Irwin et al. (1995), and 15 from Jewitt et al. (1996)). We have embarked on alarge survey with five main science goals: (1) to determine the luminosity function and size

Large Kuiper Belt ObjectsPage 4distribution of bright KBOs, (2) to search for evidence of an upper size cutoff that might indicatepremature termination of the growth phase, (3) to assess the intrinsic (as opposed to apparent) ratioof Plutinos to classical KBOs, (4) to measure the intrinsic ratio of the populations of the 2:1 and3:2 mean motion resonances and (5) to examine the radial extent of the Kuiper Belt. As a sidebenefit, this survey will secure a sample of KBOs bright enough for relatively easy physical studyusing large ground-based telescopes. 2ObservationsBright KBOs are comparatively rare. To find them we must survey areas of sky muchlarger than feasible using conventional 2048 x 2048 pixel format charge-coupled devices (CCDs).Accordingly, the present work is based on a new UH 8192x8192 pixel (hereafter, 8k) CCD arraybuilt at the Institute for Astronomy (Luppino et al. 1996). �This device consists of eight 2048 x4096 pixel Loral chips, with 15 mm square pixels, and with a gap between chips of about 1 mm.These are thick chips, with a resulting high cosmic ray detection rate (about 4 per chip per sec) anda peak quantum efficiency » 0.4. In addition, the chips are cosmetically inferior to the smallerTektronix devices previously employed in this work. However, these disadvantages areoutweighed for survey work by the sheer size of the 8k array. Observations were taken at the University of Hawaii (UH) 2.2-m telescope atop MaunaKea in Hawaii. We placed the 8k array at the f/10 Cassegrain focus. The system through-put atthis position is very high, with light losses only from two optical elements (the dewar window anda filter) in addition to the two reflections from telescope mirrors. To further enhance the through-put, a custom broadband �VR� filter with high transmission in the 5000˚� to 7000 � wavelengthrange was used for all observations (c.f. Jewitt et al. 1996). The CCD was binned in 3 x 3 mode(reducing the readout time to about 1 minute) to obtain an image scale of 0.405–0.002 arcsec perbinned pixel. Typical seeing was 0.8 to 1.0 arcsec Full Width at Half Maximum (FWHM) so thatNyquist sampling of the point spread function was obtained. A field of view 18.4 x 18.4 arcmin(0.094 deg2) was obtained.

Large Kuiper Belt ObjectsPage 5Flat fields were constructed from the median of a set of spatially offset images of theevening twilight sky. Photometric calibration was obtained from measurements of standard starsby Landolt (1992). The 8 CCDs have different photometric and cosmetic properties, and so eachwas calibrated separately. We found that the photometric zero points of the CCDs differed by asmuch as 0.5 mag., but that the differences were stable from night-to-night and month-to-month.The only photometric instabilities of note were occasional flat-field defects caused by wind-blownvolcanic dust settling on the VR filter during the observations. Survey images were taken in the ecliptic and near opposition, over a total sky area of51.5 sq. deg. This observing geometry is optimal since, at opposition, the angular rate ofretrograde motion provides a direct measure of the heliocentric distance. A fixed integration timeof 150 sec. was employed. To maximize observing efficiency, the survey integrations were takenwithout use of the autoguider. This resulted in a small but measurable (0.1 to 0.2") degradation inthe image quality. Sequences of 10 to 15 consecutive images, each offset by 20 arcmin indeclination, were repeated three times in order to search for slow moving objects. After flat-fielding, the images were co-aligned and lists of all objects in each field were made by our MovingObject Detection Software ("MODS", Trujillo and Jewitt 1997). The object lists were then culledto eliminate cosmic rays and noise clumps. Finally, we visually examined a MODS-generated listof candidate moving objects. In the present survey, MODS searched for linear, correlated motionsat speeds 2 arcsec hr-1 £ dq/dt £ 24 arcsec hr-1, corresponding approximately to heliocentricdistances 5˚£˚R˚£ 70 AU. Newly detected objects were scheduled for follow-up observationswithin the discovery observing run. Second-month and later observations were attempted from theUH 2.2-m, as well as from the 1.2-m telescope at Mt. Hopkins, Arizona (mostly by CarlHergenrother and Warren Brown). A special feature of the present survey over its predecessors isthat many of the detected objects are bright enough to be observed with very modest telescopes. Inthis regard, we benefitted greatly from observational efforts by Warren Offut using his 0.6-m

Large Kuiper Belt ObjectsPage 6telescope in New Mexico. The detection efficiency of the survey was measured by searching for synthetic slow-moving objects added to real CCD images, as described by Trujillo and Jewitt (1997). Thedetection efficiency curve for Kuiper Belt Objects is plotted in Fig. 1. Two features are especiallyworthy of note. First, the maximum detection efficiency (»0.9) is limited by objects which eithermove off the edge of the CCD, or which move onto one of the dead columns that afflict several ofthe CCDs with particular severity. Second, the decline in detection efficiency at larger magnitudesis spread over more than a full magnitude, with a detection efficiency equal to half the maximumvalue at mR = 22.5. This gradual decline is primarily a result of averaging the different limitingsensitivities of the 8 CCDs which were combined to produce Fig.˚1. Orbital elements of the 13 objects discovered with the 8k CCD are listed in Table 1.These elements are drawn from the Minor Planet Electronic Circulars by Brian Marsden of theCenter for Astrophysics. It should be noted that the elements are subject to revision as newastrometric observations become available. In particular, the elements of objects observed onlywithin a single opposition are liable to substantial correction. A plot of the semi-major axis vs.eccentricity plane is given in Fig. 2, with single and multi-opposition orbits distinguished. Analternative view, showing the KBOs projected onto the plane of the ecliptic, is given in Fig. 3. The image profiles of all 13 new KBOs were indistinguishable from those of adjacentfield stars. Magnitudes of the new KBOs were determined using synthetic photometry apertures1.6 arcsec in radius, with the sky level determined in an annulus having inner and outer radii 1.6and 8.0 arcsec, respectively. Images that appeared confused with background stars or galaxieswere rejected. Magnitudes determined on different nights were found to be consistent within thephotometric uncertainties. In Table 2, we present the mean of all magnitudes measured for eachobject, together with the standard deviation on the mean and an indication of the number ofmeasurements. Optical colors of KBOs vary from nearly neutral (V-R » 0.3) to very red (V-R »0.7), leading to an additional, systematic uncertainty in the R magnitude derived from the presentbroadband VR observations (Luu and Jewitt 1996). We estimate that this uncertainty amounts to

Large Kuiper Belt ObjectsPage 70.2 mag. In Table 2, the mean apparent red magnitude has also been converted to absolutemagnitude, H, using the H,G relations of Bowell et al. (1989) with G = 0.15 (as appropriatefor low albedo objects). The maximum phase angle attained by KBOs at 30 AU is 1.9ß, so that thephase correction is small and the choice of G is not critical.3DiscussionSurface densities of KBOs are summarized in Table 3. In addition to the CCD detectionsof the modern era, there exist several photographic constraints at magnitudes mR £˚20 (Tombaugh1961; Kowal 1989; part of Luu and Jewitt 1988). However, the photographic detection of faint,slow moving objects is notoriously difficult and, most importantly, is not easily quantified. As aresult, we are less confident of the significance of the photographic surveys than of the CCD workdescribed above. For this reason, we base our physical interpretations only on the new (Table 3)and previously published (Table 4) CCD data. At the end of ⁄3, we will show that thephotographic constraints, with one exception, require no modification of the conclusions obtainedfrom the CCD data alone. A Hubble Space Telescope observation by Cochran et al. (1995) hasbeen re-examined and brought into serious question by Brown et al. (1997). In view of itsuncertain significance, we omit the Cochran et al. datum from the following analysis.3 . 1 The Luminosity FunctionWe plot the luminosity function of the KBOs in Fig. 4. Error bars in the figure assumePoisson counting statistics. The surface densities derived from the 8k survey smoothly matchsurface densities of fainter objects determined earlier (Jewitt et al. 1995, 1996; Irwin, Tremaineand Zytkow 1995). This agreement provides compelling evidence that the efficiencies of thevarious ground-based surveys have been accurately established. We fit the cumulative surfacedensity, S(mR), with weighted power law fits of the form

logS m m mR R( )[ ] = -( )a 0

(1)where m0 is the magnitude at which S = 1 deg-2 is reached, while 10a gives the slope of the

Large Kuiper Belt ObjectsPage 8luminosity function. A fit to the published data with mR ‡ 23 gives a = 0.38 – 0.14 and m 0 =22.67 –˚0.51. A fit to the new data alone (m R < 23) gives a = 0.56 – 0.15 and m 0 = 23.37 –0.37. The slopes and zero points are both formally consistent, so we combine the data and obtain a = 0.58 – 0.05, 20 £ mR £ 25(2)m0 = 2 3 . 2 7 – ˚0.11.Evidently, the surface density increases by a factor 10a »˚4 per magnitude in this range. Eq. (2)is consistent with published upper limits to the surface density of the Kuiper Belt obtained fromCCDs (c.f. Luu and Jewitt 1988; Levison and Duncan 1990; Gladman and Kavelaars 1997).3.2The Size DistributionOne of the most fundamental issues concerns the size distribution of the Kuiper Belt Objects.The size distribution is a product of the accretional history of KBOs, perhaps modified by theeffects of collisions (Farinella and Davis 1996). The luminosity function provides only an indirectmeasure of the size distribution of the KBOs because of the effects of observational selection(Jewitt and Luu 1995; Irwin, Tremaine and Zytkow 1995). Flux-limited (as opposed to volume-limited) surveys of the present kind are biassed towards large, nearby, high albedo KBOs at theexpense of their smaller, darker, more distant cousins. To extract the size distribution from theluminosity function, we use Monte Carlo models to simulate the survey, and necessarily makeassumptions about the geometric albedos and distance distributions of the KBOs. (a)Albedo DistributionThere are no measurements of the albedos of KBOs. The nuclei of short-period comets andthe Centaurs are believed to have been recently dislodged from the Kuiper Belt (Duncan, Quinnand Tremaine 1987) and so they may provide our best, albeit indirect, indicators of KBO albedos.

Large Kuiper Belt ObjectsPage 9The red geometric albedos of the nuclei of comets are typically pR ~ 0.04 (c.f. references in Jewitt1996). Thermal emission from Centaurs 5145 Pholus and 2060 Chiron has been used to derivepR » 0.04 (Davies et al. 1993) and p R = 0.13+0.04 / -0.03 ( C a m p i n s et al. 1 9 9 4 ; A l t e n h o f f a n d S t u m p f f 1 9 9 5 ) , r e s p e c t i v e l y . T h e d e r i v e d a l b e d o o f C h i r o n m a y b e e l e v a t e d b y c o m a contamination of the scattered light. In any event, in appears that both Centaurs have surfaceswhich are dark.F o r t h e m o d e l s d i s c u s s e d b e l o w w e h a v e a s s u m e d a r e d g e o m e t r i c a l b e d o pR = 0.04,throughout. Diameters listed for this albedo in Table 2 may be rescaled to other albedos, p, bymultiplying by (0.04/p)1/2. It is possible that the albedo is a systematic function of the size of theK B O ( J e w i t t a n d L u u 1 9 9 8 ) . T h i s w o u l d b e t h e c a s e , f o r e x a m p l e , i f s u r f a c e f r o s t s w e r e deposited from weakly bound atmospheres of the largest KBOs. This is the origin of 2300 kmdiameter Pluto’s high albedo (pR = 0.60, Albrecht et al. 1994) and it is possible that other largeKBOs are similarly reflective. Different surface types in the Kuiper Belt are suggested by theobservation of pronounced color differences at optical (Luu and Jewitt 1996) and near-infrared( J e w i t t a n d L u u 1 9 9 8 ) w a v e l e n g t h s . I n a n y e v e n t , w e a l s o c o n s i d e r e d m o d e l s i n w h i c h t h e geometric albedo ramps from 0.04 at radius 50 km to 0.6 at radius 1000 km, our intent being toexamine the sensitivity of the results to the assumed form of the albedo. In general, we found thatthe rather extreme difference in adopted albedo functions resulted in only small differences in thederived quantities, as we will note below. Essentially, this is because the flux scattered from aK B O i s p r o p o r t i o n a l t o

p r R

R 24

and so is more sensitive to variations in radius, r, andheliocentric distance, R, than in albedo. (b)Distance DistributionThe Monte-Carlo model includes both classical KBOs and Plutinos. The SKBOs areneglected since these are less common in the data than either classical KBOs or Plutinos, and theirorbital distributions are presently uncertain. Both classes of object are assumed to obeydifferential power law radius distributions of the form n(r) dr = G r-q dr , w h e r e n(r)dr is

Large Kuiper Belt ObjectsPage 10the number of objects having radii in the range r to r + dr and G and q are constants. Radiustakes values in the range rmin £ r £ rmax . In each model, r m i n is set equal to the radius of thefaintestbodywhichcanbedetectedwhenatperihelion.Forexample,atperiheliondistance26AUa n d w i t h m a g n i t u d e 2 3 , w e f i n d rmin = 4 6 k m . T h e m a x i m u m r a d i u s , r m a x , i s t r e a t e d a s a parameter of the model to be constrained observationally. We implicitly assume that the sizedistributions and albedos of classical KBOs and Plutinos are identical. We require the numericalsimulations to reproduce the distribution of heliocentric distances of KBOs at discovery, and to fittheapparentratioofPlutinostoclassicalKuiperBeltobjects(»35%; Fig. 2). For each model KBO, we used a random number generator to select values of semi-majoraxis and eccentricity from distributions (see Table 5). We then computed instantaneousheliocentric distances of the model KBOs at random times within each orbit. We confirmed thatthe resulting distribution of heliocentric distances obeyed Kepler’s "equal areas in equal times"law. For simplicity, all objects were taken to have zero inclination. This should not introduce abias in the interpretation of the luminosity function unless the inclination distribution is a functionof KBO size (a possibility for which the observational data provide no support). For thedistribution of semi-major axes in the classical Kuiper Belt we assumed a modified power lawvariation, n(a) da = n(amin ) ( a m i n / a ) p f ( a ) d a , in the range a m i n £ a £ ˚ a m a x ( T a b l e 5 ) . P r o m p t e d b y t h e a p p a r e n t d i s t r i b u t i o n o f s e m i - m a j o r a x e s ( F i g . 2 ) a n d f o l l o w i n g n u m e r i c a l exploration of both larger and smaller values, we adopted amin = 42 AU and a m a x = 50 AU formost models. Models with amin < 42 AU strongly violate the observed deficiency of objects withs m a l l s e m i - m a j o r a x e s ( F i g . 2 ) . M o d e l s w i t h a m a x > 5 0 A U g e n e r a l l y f i t t h e s l o p e o f t h e luminosity function as well as the models presented here. However, as discussed in ⁄3.6, thesemodels contradict the empirical absence of KBOs with amax > 50 AU. We found the results of themodels to be a weak function of radial index p in the range 1 £˚p £˚3. The results presentedhere all assume p = 2 and amax = 50 AU.

Large Kuiper Belt ObjectsPage 11We considered two cases for the dimensionless function f(a) (Table 5): f(a ) = 1(3)and

fa aa( ) exp ( )min= - - -�Ł �łØºŒ øßœ1 15

(4)The first case corresponds to a pure power law surface density gradient such as that presumed toexist in the pre-planetary solar nebula, while the second was used to represent the depletion ofKBOs in orbits near Neptune owing to gravitational "sculpting" by that planet (Holman andWisdom 1993; Duncan, Levison and Budd 1995). Again, prompted by the observations (Fig. 2),the eccentricity distribution in the classical Kuiper Belt was taken to be a Gaussian with mean e0=0, standard deviation sc = 0.06 (FWHM = 0.15) up to maximum e m a x = 0.25. The distributionof Plutinos was represented in the models by a set of objects with semi-major axes a3:2 = 39.4AU and a Gaussian eccentricity distribution with mean e0 = 0.1, standard deviation s P = 0.13(FWHM = 0.33) (c.f. Malhotra 1996) truncated at e = 0 and emax = 0.4. Sample models having p = 2, q = 3, 4, 5 and normalized to unity at m R = m 0 a r e s h o w n in Fig. 5. The models have rmax = 2000 km and are insensitive to r m i n . We employed Eq. (4)but observed that alternate models using Eq. (3) gave nearly identical results. With these caveats,thebest-fitsizedistributionhas q = 4.0 –˚0.5 (5)where we have quoted our best guess as to the uncertainty. The index is larger than we previouslybelieved (q » 3) based on more limited survey data in the fainter magnitude range 23.0 £ mR£ ˚24.8 (Jewitt, Luu and Chen 1996). Eq. (5) is established from data in the 20 £ ˚ m R £ ˚25

Large Kuiper Belt ObjectsPage 12magnitude range (i.e. neglecting all photographic data). The increased span of the data in Fig. 5over that previously available gives us greater confidence in the derived size distribution index.Incorporation of the above mentioned albedo-size relation (⁄3.2a) increases q by about 0.5.Within the uncertainties, both observational and due to modelling, the size distribution index in theKuiper Belt is compatible with q »˚3.5 expected from a purely collisional production function(Dohnanyi 1969) but also with q » 4.5 predicted by aggregation models (Yamamoto and Kozasa1988). There is no physical reason why a single power law should describe the size distribution atall radii. The luminosity function outside the 20 £ ˚mR £ ˚25 range may differ, and awaitsobservational determination. It has been remarked that collisional modification should cause aflattening of the distribution function at smaller radii (Farinella and Davis 1996); the available dataare not of quality sufficient to show such an effect.3.3Upper Size CutoffSome current models assert that the Kuiper Belt is a region of the pre-planetary disk in whichplanetesimal growth was prematurely arrested by the sudden birth of Neptune (e.g. Bailey 1994).In this picture, the KBOs grow concurrently with Neptune, and the sizes of the largest KBOsprovide a measure of the timescale on which Neptune grew (e.g. Stern and Colwell 1997; Kenyonand Luu 1998). Massive planetesimals scattered into the Kuiper Belt by Neptune might also haveterminated growth by pumping the local velocity dispersion (Morbidelli and Valsecchi 1997). Weare interested in searching for evidence of an effective maximum size among the KBOs, whichwould appear in our data as a downturn in the bright end of the luminosity function.Fig. 6 shows the data together with q = 4 power law models truncated at rmax = 250, 500,1000 and 2000 km. The data are well matched by all models except that with rmax = 250 km,which clearly underestimates the number of objects brighter than mR = 22. We conclude that thereisnoevidenceinthepresentCCDdataforanupperlimittotheradiiofKBOs,suchasmightresultfrom a period of growth limited by the emergence of nearby Neptune. If such a limit exists, the

Large Kuiper Belt ObjectsPage 13CCD data only constrain that it must occur at a radius rmax > 2 5 0 k m . T h i s c o n c l u s i o n i s compatiblewiththe2300kmdiameterofthelargestknownKBO,Pluto.The mass of a q = 4 power law distribution of spherical bodies is

MNrr= �Ł� �ł�4 3p r min maxminln

,where the bulk density is here taken to be r = 2000 kg m-3 and N is the number of bodies withradii in the range rmin £˚ r £˚rmax . The number of objects in the 30 £˚ R £ 50 AU heliocentricdistance range and larger than rmin = 50 km is N˚ ~˚7 x 104 (Jewitt, Luu and Chen 1996). Withrmax = 1150 km (the radius of Pluto), we obtain M = 6.8 x 1023 kg (0.12 M E , where the massof Earth is M E = 6 x 1024 kg). If we instead adopt r m i n = 1 km, to account for KBOs too smallt o b e d e t e c t e d i n t h e g r o u n d - b a s e d s u r v e y s , w e o b t a i n M = 1.6 x 1024 kg (0.26 M E ). Thesemasses are compatible with our previous estimates obtained using more limited data (Jewitt, Luuand Chen 1996). 3.4The Plutino FractionThirteen of the 34 multi-opposition KBOs (including Pluto) reside in the 3:2 resonance(a3:2 = 39.4 AU), giving an apparent Plutino fraction Pa = 13/34 = 0.38 (see Table 6). Thisfraction persists when we count orbits of all qualities (Pa = 21/61 = 0.34). However, we expectt h a t t h e a p p a r e n t P l u t i n o f r a c t i o n i s e n h a n c e d r e l a t i v e t o t h e intrinsic Plutino fraction, P i ,because of the effects of observational bias. There are at least three potential sources of such bias.First, the Plutinos have smaller semi-major axes than most other known KBOs (Fig. 2). For thisreason they are discovered at systematically smaller heliocentric distances (Fig. 3) where they arebrighter,morereadilydetectedandthereforeover-representedinthedata.Second,thePlutinosareaphelion librators which reach perihelion, and are most easily observed, when near –90ß fromNeptune (Malhotra 1996). Figure 7 shows Pa v e r s u s e c l i p t i c l o n g i t u d e . D i r e c t i o n s t o w a r d s Neptune have not been observed as a result of the proximity of the Milky Way. A concentrationalongdirections~90ßfromNeptuneisevident,asexpectedof3:2aphelionlibrators.Thedegreetowhich this azimuthal variation causes a bias in the data depends on the azimuthal distribution ofobserving directions in past KBO surveys. Our own surveys (e.g. Jewitt and Luu 1995; Jewitt et

Large Kuiper Belt ObjectsPage 14al. 1996) have been concentrated in the sectors –90ß from Neptune, so tending to elevate Paabove Pi. A third bias, which acts in the opposite sense, results from the argument-of-perihelionlibration which maintains Pluto’s perihelion at high ecliptic latitude (16ß). It is not known whethert h e P l u t i n o s a s a w h o l e s h a r e t h i s l i b r a t i o n . I f t h e y d o , t h e c o n c e n t r a t i o n o f p a s t s u r v e y s i n directionstowardstheeclipticcouldproduceanunderestimateofthenumberofresonantobjects.Monte Carlo simulations allow us to estimate an upper limit to the intrinsic Plutinofraction, Pi , needed to give the apparent P a . We represent the two components of the KuiperBelt by orbital distributions as in Table 5, with f(a) given by Eq. (4). The model parameters areadjusted to match the observed Pa » 0.35. Under these conditions, and with r max = 1000 km,w e f i n d P i ( q = 3 ) = 0 . 2 2 , P i ( q = 4 ) = 0 . 1 7 a n d P i ( q = 5 ) = 0 . 1 2 . T h e P l u t i n o s a r e o v e r - r e p r e s e n t e d i n f l u x - l i m i t e d s u r v e y s b y a f a c t o r P a / P i » 1.6 to 2.9. With r m a x = 250 km, weo b t a i n P i ( q = 3 ) = 0 . 1 8 , P i ( q = 4 ) = 0 . 1 4 a n d P i ( q = 5 ) = 0 . 1 1 ( P a / P i » ˚1.9 to 3.2). It thusappears that the Plutinos are over-represented in the observational data by a factor that is uncertainbut is of order 1.5 to 3. This over-representation applies only for a Kuiper Belt truncated at 50 AU(the practical limit of the published surveys). If the Kuiper Belt extends much beyond 50 AU, theintrinsic Plutino fraction could shrink substantially. Likewise, smaller values of rmax would leadto smaller P i and to larger values of the bias factor, but r m a x < 250 km appears to be unlikelyfrom the shape of the luminosity function (⁄3.3). We conclude that the Plutinos constitute only~10% to 20% of the KBOs in the 30 AU to 50 AU region. In view of the heterogeneous nature ofthe observational data (e.g. only half the objects in Figs. 2, 3 and 7 were detected in systematics u r v e y s h a v i n g w e l l - d e f i n e d ( a n d p u b l i s h e d ) l i m i t i n g m a g n i t u d e s a n d a r e a l c o v e r a g e ) , i t i s probablynotworthwhiletoattemptamoreexactestimate.3.5Relative Populations of the 3:2 and 2:1 ResonancesThe resonance sweeping hypothesis predicts that the populations of the 3:2 and 2:1resonances should be in the ratio n2:1/n3:2 » 1 (Malhotra 1995). None of the 34 multi-opposition

Large Kuiper Belt ObjectsPage 15objects resides in the 2:1 resonance (a2:1 = 47.6 AU), compared with 13 (including Pluto) in the3:2 resonance, for an apparent ratio n2:1 /n 3 : 2 » 0/13 (see Fig. 2). Could this apparent deficit of2:1 resonant objects be a result of observational selection or does it represent a failure of theresonance sweeping hypothesis? For objects of a given size, the magnitude difference resultingfrom the greater distance of the 2:1 resonance is a modest DmR = 10log ( a2:1 / a 3 : 2 ) = 0.8 mag.F r o m E q ( 1 ) , t h i s w o u l d p r o d u c e a n a p p a r e n t r a t i o n 2 : 1 / n 3 : 2 = 10-aD m R » 1/3 (a = 0.6; see⁄3.1) if the two resonances are equally populated. From the 13 multi-opposition objects in the 3:2resonance, we would expect to have recorded 13/3 » 4 in the 2:1 resonance, but instead we havezero. We examine this issue in more detail by using our bias model to account for thedistribution of eccentricities of resonant KBOs, and to examine the effect of a possible upper sizecutoff. We divided 105 KBOs equally into the 3:2 and 2:1 resonances, and then used the biasmodeltodeterminetheobservabilityoftheobjectsasafunctionofmagnitudeandsizedistribution.Theresultisa"biascorrectionfactor",

bqrnapparentrinsic( , )max int= �Ł� �ł�Ł� �ł�2132132

(6)which we have listed in Table 7 for several values of q and rmax (so as to illustrate the sensitivityo f t h e b i a s t o t h e s e p a r a m e t e r s ) . F o r t h e c a n o n i c a l c a s e , w e f i n d b (4, 1000) » 0.3, roughlyindependent of magnitude and similar to the analytic estimate, above. From the 13 multi-opposition objects in the 3:2 resonance we would expect to have detected ~4 multi-oppositionobjects in the 2:1 resonance (Fig. 8). By Poisson statistics, the probability that we might havedetected 0 objects when the mean is 4 is P(0,4) = 1.8%, so that we can reject the hypothesis thatthe 2:1 and 3:2 resonances are equally populated at the 98.2% (~2.5s) level. Thus, a formal (3s= 99.7%) rejection of the hypothesis is not possible based on the available data. A 3s rejection

Large Kuiper Belt ObjectsPage 16would require an additional 4 objects in the 3:2 resonance (and none in the 2:1). We note thatamong the single-opposition orbits there are a further 9 KBOs with elements in the vicinity of the3:2 resonance but there are no candidate 2:1 objects. For this reason, we expect that more stringentconstraints on the intrinsic resonance population ratio will emerge as the orbits of known KBOs arerefined by new astrometry, and as new KBOs are discovered by future surveys. In summary, while the data provide no evidence that the 2:1 resonance is populated atall, we cannot (yet) formally disprove the hypothesis that the 2:1 and 3:2 resonances are equallypopulated. The measured population ratios are thus formally consistent with the most basicprediction of the resonance sweeping hypothesis by Malhotra (1995). The newly recognized lowabundance of the 3:2 Plutinos is also consistent with at least some of the resonance sweepingsimulations (e.g. Fig. 3 of Malhotra (1995), in which ~13% of the surviving objects are Plutinos).In view of the fact that the published resonance sweeping simulations neglect several effects likelyto be of importance (e.g. stochastic jumps in the migration of Neptune due to impulsive ejection ofmassive planetesimals), we must conclude that the model and data are in reasonable agreement. Analternative model in which the structure of the Kuiper Belt is largely set by massive, runawayNeptune-scattered planetesimals (Morbidelli and Valsecchi 1997) makes no quantitative predictionsof the Plutino fraction and so cannot be tested by our new survey data.3.6 Radial Extent of the Classical Kuiper BeltThe known KBOs were all discovered in a relatively narrow range of heliocentricdistances (26 £ R £ ˚46 AU) and, with the exception of 1996 TL66 (a = 85 AU), have asimilarly restricted range of semi-major axes. In this section we ask to what extent theobservations can be used to constrain the population of KBOs having semi-major axes much largerthan those observed. We focus our attention on the numerically dominant members of the classicalKuiper Belt. A similar analysis of the TL66-class scattered KBOs will be possible once more ofthese objects have been identified.

Large Kuiper Belt ObjectsPage 17We considered models in which the semi-major axes of classical Kuiper Belt Objectswere distributed as power laws in the range 42 £˚a £ amax. The eccentricities were matched tot h o s e o f t h e 4 2 £ ˚ a £ ˚ 4 6 A U r e g i o n ( F i g . 2 ; c . f . T a b l e 5 , w i t h emax = 0 . 1 2 ) . T h e s i z e distribution was taken to be a q˚= 4 power law (⁄3.2) in the radius range r m i n £˚ r £˚rmax , anda uniform 0.04 albedo was assumed. Plutinos were added according to the prescription outlined in⁄3.4 and ⁄3.5, and each model was required to generate an apparent Plutino fraction Pa ~ 0.35 tobe consistent with the observations. We simulated the three most productive surveys (Jewitt andLuu 1995; Jewitt, Luu and Chen 1996 and the present 8k survey) by taking proper account of thedetection efficiency as a function of apparent magnitude. The different surveys gave similarconstraintsandsoweconfineourattentionheretothesimulationsofthe8ksurvey.The main result is that power-law disks with outer radii much larger than 47 AU predictapparent radial distributions of objects that are quite different from those observed. This isillustrated in Fig. 9, where we compare simulations having amax = 47 AU and a m a x = 200 AU(parameters in common to the two simulations are listed in the caption to the Figure). The latters i m u l a t i o n y i e l d s a l a r g e n u m b e r ( a b o u t 4 0 % ) o f K B O s a t d i s c o v e r y d i s t a n c e s R ‡ 50 AU,whereas in the observational sample there are none. This discrepancy remains for any plausiblesize distribution and radial distribution indices, provided amax > 47 AU. We note that Dones(1997) already examined the Jewitt, Luu and Chen (1996) survey and reached an essentiallyidenticalconclusion.How can this result be understood? One possibility is that the survey is insensitive to them o r e d i s t a n t o b j e c t s b e c a u s e o f t h e i r l o w e r s k y - p l a n e v e l o c i t i e s . H o w e v e r , M o n t e C a r l o simulations (⁄2) of objects moving at rates down to 2 arcsec hr-1 (corresponding to R » 70 AU)and showed no loss of efficiency at even the lowest rates. We therefore reject the possibility thatthe absence of more distant objects is an artifact of the survey. Another possibility is that the

Large Kuiper Belt ObjectsPage 18maximum object size is a decreasing function of semi-major axis. This type of variation wouldseem to be physically plausible, as a consequence of the radial density gradient and the longertimescales for growth in the outer parts of the pre-planetary disk. We re-computed Monte Carlosimulations including this effect and indeed achieved a better match to the survey data. However,the rate of decrease of rmax required to obtain a match is very large and seems to us implausible.Indeed, the surface density in a p = 2 disk at 45 AU (where we see many objects) is only 50%larger than at 55 AU (where we see none) and it is hard to imagine that rmax could be so sensitiveto the local surface density. It is worth noting that the distribution and sizes of the known KBOsp r o v i d e n o e v i d e n c e t h a t rmax decreases with a . The third possibility is that the Kuiper Beltsurface density does not follow a simple power law variation at distances beyond the observedregion. In fact, our data are consistent with the presence of a discrete outer edge to the belt at a =47 AU. We are uncomfortable with the notion that the Kuiper Belt might have an edge near 50AU (what physical process could be responsible?) but our data nevertheless suggest this as apossibility. Most likely, we expect that some combination of a radial decrease in rmax and asteepening of the Kuiper Belt surface density at about 45 to 50 AU operate together to yield theobserved radial distribution. We hope to distinguish among these possibilities, and to probe moredistant regions of the Kuiper Belt, by further deep imaging observations. 3.7Photographic ConstraintsFinally, we examine the effect of including photographic survey results on the conclusionsreached above from CCD data alone. The photographic and CCD data are plotted together in Fig.10. Also plotted are the truncated q = 4 models from Fig. 6. The Tombaugh (1961) and Luu andJewitt (1988) photographic surveys are compatible with extrapolations of Eqs. (1, 2) to mR = 16(i.e. no size distribution cut-off at the high end). However, the Kowal (1989) datum instead fallsbelow the extrapolated luminosity function by almost an order of magnitude. Taken at face value,theKowaldatumwouldrequireatruncationofthepower-lawsizedistributionatupperradiuslimitnear rmax »˚500 km, which is problematic considering the existence of larger KBOs such as Pluto

Large Kuiper Belt ObjectsPage 19and Charon. However, we are not convinced that the photographic constraints should be taken soliterally. In view of the difficulty of calibrating the efficiency of photographic surveys, we feel thatit would be valuable to establish the surface density of the brightest trans-Neptunian objects usingmodern technology. Several thousands of square degrees should be imaged to mR » 20. TheSpacewatch camera (Scotti 1994) could usefully contribute to this search, as could the upcomingSloan Digital Sky Survey.

Large Kuiper Belt ObjectsPage 204SummaryWe present the results of a new ecliptic survey of 51.5 deg2 to red limiting magnitude22.5 (50% detection threshold). 1The Kuiper Belt luminosity function is well-defined in the red magnitude range 20 £ mR£ 25, with slope a = 0.58 – 0.05. The cumulative surface density of Kuiper Belt Objects reaches1 deg-2 at m R = 23.3 – 0.1.2The slope of the luminosity function is reproduced by Monte Carlo simulations in whichthe Kuiper Belt Objects follow power law differential size distributions with index q = 4.0 – 0.5.This slope is consistent, within the errors, with q » 3.5 as expected from a collisional productionfunction (Dohnanyi 1969). We find no evidence in the CCD data for truncation of the sizedistribution at its upper end. If such truncation exists, it must occur at radii > 250 km. The massof KBOs (excluding the scattered KBOs) is estimated as ~ 0.1 Earth mass.3Some 38% (13/34 objects) of multi-opposition KBOs are in the 3:2 mean motionresonance with Neptune. This "Plutino fraction" is over-represented in the survey data as a resultof observational selection. Using a bias model, we estimate that only 10% to 20% of KBOs in theR < 50 AU region are Plutinos. If the Kuiper Belt extends beyond 50 AU, then the Plutinofraction would be considerably smaller.4The hypothesis that the 2:1 resonance is as densely populated as the 3:2 resonance can berejected at the ~2.5s (98.2%) but not the 3s (99.7%) level of confidence. The ratio ofresonance populations and the ratio of resonant to non-resonant populations are both broadlyconsistent with numerical simulations of the resonance sweeping hypothesis (Malhotra 1995).5The observed radial distribution of KBOs is deficient in objects beyond about 50 AU,relative to simulations of power law Kuiper Belt disks. We have no firm explanation of thisobservation. The Kuiper Belt might be truncated at about this distance, there might be a steepdecrease in the maximum size of KBOs at larger heliocentric distances, or some combination ofthese two effects might conspire to yield the observed radial distribution.

Large Kuiper Belt ObjectsPage 215AcknowledgementsWe thank John Dvorak and Chris Stewart for operating the UH telescope, Jun Chen for observingassistance and Brian Marsden for continual efforts on the orbital elements. Gerry Luppino, MarkMetzger and Richard Wainscoat helped with unexpected instrumental problems. This work wassupported by grants to DCJ and JXL from NASA�s Origins Program.

Large Kuiper Belt ObjectsPage 226ReferencesAlbrecht et al. (1994). ApJ, 435, L75Altenhoff, W. J., and Stumpff, P. (1995). Astron. Ap., 293, L41-42.Bailey, M. E. (1994). In

Asteroids, Comets, Meteors 1993, A. Milani e t a l . e d s , K l u w e r , Dordrecht, pp. 443-459.Bowell, E., Hapke, B., Domingue, D., Lumme, K., Peltoniemi, J, and Harris, A. (1989). In

Asteroids II, ed. R. Binzel, T. Gehrels, and M. Matthews, University of Arizona Press, Tucson, pp. 524-556.Brown, M., Kulkarni, S. and Liggett, T. (1997). Ap. J. Lett., 490, L119.Campins, H., Telesco, C., Osip, D., Rieke, G., Rieke, M., and Schulz, B. (1994). Astron. J., 108, 2318.Cochran, A., Levison, H., Stern, S., and Duncan, M. (1995). Ap. J. Lett., 455, 342.Davies, J., Spencer, J., Sykes, M., Tholen, D., and Green, S. (1993). IAU Circular 5698 (January 23).Dohnanyi, J. (1969). J. Geophys. Res., 74, 2531.Dones, L. (1997). In

From Stardust to Planetesimals, ASP Conference Series Vol. 122, eds. Y. J. Pendleton and A. Tielens, pp. 347-365.Duncan, M., Quinn, T., and Tremaine, S. (1988). Ap. J., 328, L69.Duncan, M., Levison, H. F., and Budd, S. M. (1995). Astron. J., 110, 3073-3081.Duncan, M., and Levison, H. (1997). Science 276, 1670.Farinella, P., and Davis, D. (1996). Science, 273, 938.Gladman, B., and Kavelaars, J. (1997) Astron. Ap., 317, 35-38Holman, M., and Wisdom, J. (1993). Astron. J., 105, 1987-1999.Ip, W.-H., and Fernandez, J. A. (1991). Icarus 92, 185-193.Irwin, M., Tremaine, S., and Zytkow, A. N. (1995). Astron. J., 110, 3082-3092. Jewitt, D. (1996). Earth, Moon and Planets, 72, 185-201.Jewitt, D. C., and Luu, J. X. (1993). Nature, 362, 730.Jewitt, D. C., and Luu, J. X. (1995). Astron. J., 109, 1867. Jewitt, D. C., Luu, J. X., and Chen, J. (1996). Astron. J., 112, 1225-1238.Jewitt, D. C., and Luu, J. X. (1998). Astron. J., in press (April issue).

Large Kuiper Belt ObjectsPage 23Kenyon, S., and Luu, J. (1998). In press.Kowal, C. (1989). Icarus, 77, 118-123.Landolt, A. (1992). Astron. J., 104, 340 - 371.Levison, H. F., and Duncan, M. J. (1990). Astron. J., 100, 1669-1675.Levison, H. F., and Stern, S. A. (1995). Icarus, 116, 315.Luppino, G., Metzger, M., Kaiser, N., Clowe, D., Gioia, I., and Mayazaki, S. (1996). In

Clusters, Lensing and the Future of the Universe, Astron. Soc. Pacific Conf. Series 88, pp. 229-232.Luu, J. X., and Jewitt, D. (1988). Astron. J., 95, 1256-1262. (Paper I).Luu, J. and Jewitt, D. (1995). Astron. J., 111, 499-503.Luu, J. X., and Jewitt, D. C. (1996). Astron. J., 112, 2310.Luu, J. X., Marsden, B., Jewitt, D., Trujillo, C., Hergenrother, C., Chen, J., and W. Offutt (1997). Nature, 387, 573.Malhotra, R. (1995). Astron. J., 110, 420-429.Malhotra, R. (1996). Astron. J., 111, 504-516.Morbidelli, A., Thomas, F., and Moons, M. (1995). Icarus, 118, 322-340. Morbidelli, A., and Valsecchi, G. B. (1997). Icarus, 128, 464.Scotti, J. V. (1994). In

Asteroids, Comets, Meteors 1993, eds. A. Milani, M. di Martino, and A. Cellino, Kluwer, Dordrecht, p.17.Stern, S. A., and Colwell, J. (1997). Astron. J., 114, 841.Tombaugh, C. W. (1961). In

Planets and Satellites, G. P. Kuiper and B. M. Middlehurst eds, Univ. Chicago Press, Chicago. pp. 12-30. Torbett, M. (1989). Astron. J., 98, 1477.Trujillo, C. and Jewitt, D. (1997). Astron. J., in press.Williams, I. P., O’Ceallaigh, D. P., Fitzsimmons, A., and Marsden, B. G. (1995). Icarus, 116, 180-185.Yamamoto, T., and Kozasa, T. (1988). Icarus, 75, 540-551.

Large Kuiper Belt ObjectsPage 24

Large Kuiper Belt ObjectsPage 25Table 2Photometry

IDNameDatesR aD ba cmR –s(N)dH eDf[AU][AU][deg][km]

3079.21996 TL661996 Oct 9, 1235.2334.300.620.60 – 0.04(5)5.015506015.71996 TO661996 Oct 12, 1345.6744.700.321.00 – 0.05(6)4.387595058.21996 TP661996 Oct 11, 1326.4925.510.421.06 – 0.04(6)6.822461073.41996 TQ661996 Oct 8, 1234.6233.650.422.28 – 0.05(8)6.862422050.01996 TR661996 Oct 8, 1235.9634.970.322.65 – 0.09(6)7.082196079.71996 TS661996 Oct 12, 1438.9638.060.621.84 – 0.07(6)5.873825111.01997 CQ291997 Feb 4, 7, 941.1640.240.522.58 – 0.08(6)6.383014087.01997 CR291997 Feb 3, 7, 942.0041.010.122.98 – 0.02(5)6.762534032.41997 CS291997 Feb 3, 6, 943.6242.700.521.37 – 0.10(4)4.925923083.11997 CT291997 Feb 2, 4, 744.9743.980.023.14 – 0.28(5)6.662667021.61997 CU291997 Feb 6, 7, 944.5743.660.522.78 – 0.02(6)6.233237079.61997 CV291997 Feb 6, 7, 940.0939.110.122.95 – 0.12(8)6.942349035.31997 CW291997 Feb 842.4841.530.422.43 – 0.15(2)6.11342 a, b, cHeliocentricdistance,geocentricdistanceandphaseangleatthetimeofdiscovery.d m R = a p p a r e n t r e d m a g n i t u d e , s = s t a n d a r d d e v i a t i o n o n t h e m e a n , a n d N = n u m b e r o f measurements.Anadditionalnon-randomuncertaintyoforder0.2magmustbeaddedtothelistederror to account for the unknown color of each KBO. e Absolute magnitude computed from mR using HG relation from Bowell et al. (1989). f Effective diameter computed assuming red geometric albedo p=0.04.

Large Kuiper Belt ObjectsPage 26Table 3Sky-Plane Surface Densities from the 8k CCD Survey

mRaN bfcN/(fA)dS e[deg-2][deg-2]

20.5 – 0 . 2 5 10 . 8 5 – 0.020.0230.023 – 0.02321.0 – 0.2520.80 – 0.020.0490.072 – 0.04221.5 – 0.2510.70 – 0.020.0280.100 – 0.05022.0 – 0.2510.60 – 0.030.0320.132 – 0.05922.5 – 0.2540.50 – 0.040.1810.31 – 0.1023.0 – 0.2540.13 – 0.050.5970.91 – 0.43

a Apparent red limiting magnitude and bin width. b Number of objects. c Detection efficiency and its statistical uncertainty (Fig. 1). d Differential surface density computed using A = 51.5 deg2. e Cumulative sky-plane surface density. The errors were calculated from a combination of Poissonuncertaintiesanduncertaintiesintheestimateddetectionefficiency.

Large Kuiper Belt ObjectsPage 27Table 4Other Surface Density Constraints (adapted from Jewitt, Luu and Chen 1996)

mRArea NSTN aReference[deg2][deg-2]

CCD Surveys22.0⁄4.90£ 1.1Levison and Duncan (1990)23.29.5141.5 (+0.5-0.5 )Jewitt, Luu and Chen 19962 3 . 5 0 . 7 22.9 (+2.9-2.4 )Irwin et al. (1995)24.25 . 1 173.9 (+1.1-1.1 )Jewitt, Luu and Chen 19962 4 . 8 1 . 2 75.8 (+3.3-2.9 )JewittandLuu1995Photographic Surveys16.8153016.5 x 10-4Tombaugh (1961)19.5ƒ64000<8.6 x 10-4Kowal (1989)20.02970<1.9 x 10-2Luu and Jewitt (1988)

⁄ Calculated from quoted limiting mV = 22.5, using V-R = 0.5.ƒ Calculated from quoted limiting mV = 20.0, using V-R = 0.5.aUpperlimitsare99.9%(approximately3s) confidence limits

Large Kuiper Belt ObjectsPage 28Table 5Distributions Used in the Model

QuantityClassical KBOsPlutinos

Radius

n r dr r dr

q

( ) =

-

G n r dr r dr q ( ) =^-G

( )

min max

r r r £ £

Semi-major Axis

n a da n a a a f a da

p

( ) ( ) ( ) min

min =

�

Ł

� ł n a da

( ) . =

( ) d 39 4( )

min max

a a a £ £

Eccentricity

nede e de c ( ) exp =

- �

Ł

�

� ł

�

2

2 2s nede e e de P ( ) exp= - -

( ) �

Ł

�

� ł

�

0

2

2 2s( )^{max}

0 £ £e e

Large Kuiper Belt ObjectsPage 29

Large Kuiper Belt ObjectsPage 30Table 7Bias Correction Factor, b(q,rmax) (Eq. 6)

qrmax[km]LimitingRedMagnitude,mR21.021.522.023.024.025.0

3.5250---0.0470.1040.2980.3470.3694.0250---0.0440.0970.2540.2920.3054.5250---0.0420.0890.2180.2450.2563.510000.3460.3680.3700.3760.3750.3764.010000.2980.3040.3060.3100.3100.3084.510000.2470.2500.2510.2540.2550.256

Large Kuiper Belt ObjectsPage 31Figure CaptionsFigure 1Detection efficiency with the 8k CCD array as a function of apparent red magnitude, mR . Theefficiency was determined by using the MODS software (Trujillo and Jewitt 1997) on a set ofartificial KBOs (speeds 2 £ dq/dt £ 6 arcsec hr-1 ) added to real survey data. The integrationtimewas150secthroughtheVR5000�-7000�filter,withmedianseeing0.8arcsecFWHM.Figure 2Semimajor axis versus eccentricity for Kuiper Belt Objects. Solid circles denote multi-oppositionorbits. Empty circles denote orbits computed from astrometry taken within a single opposition.P l u t o i s m a r k e d b y X . N e p t u n e i s a t ( a,e) = (30,0). The dashed line marks q = 30 AU.Objects above the line are Neptune-crossers. Scattered Kuiper Belt Object 1996 TL66 is off scale(a,e = 85 AU, 0.59) and not plotted. Orbital elements computed by Brian Marsden. Figure 3Plan view of the solar system on 1998 Jan 01. Plutinos are shown as red circles, all other KBOsas blue triangles. The orbits and positions of the gas giant planets are marked. Filled (empty)symbols denote multi- (single-) opposition orbits. Ecliptic longitude 0ß is to the right and increasesanti-clockwise.Figure 4Luminosity function of the Kuiper Belt determined exclusively from CCD observations at redmagnitudes mR ˚> 20. The point at m R = 23.5 is from Irwin et al. (1995). All others are fromthe MKCT survey (Jewitt, Luu and Chen 1996) and the present work. The diagonal line is aweighted least-squares fit to the data (Eq. (1)).

Large Kuiper Belt ObjectsPage 32Figure 5Monte Carlo models as described in the text. Power law size distributions with indices q = 3,4,5are marked. All models have p = 2, rmax = 2000 km, r m i n << r m a x , and are normalized to unityat mR = m0. The apparent Plutino fraction for these models is 35%. The classical Kuiper Belt istakentoextendfrom40AUto50AU.Figure 6Power law size distributions with q = 4 truncated at rmax = 2000, 1000, 500 and 250 km. Thecurveswithrmax>250kmcurveallfitthedata.Figure 7Distribution of the apparent Plutino fraction with ecliptic longitude, extracted from Figure 3. Then u m b e r s o f P l u t i n o s a n d o t h e r K B O s a r e m a r k e d w i t h i n e a c h h i s t o g r a m b i n . T h e e c l i p t i c longitudesofNeptuneandtheanti-Neptunedirectionaremarked.Figure 8Bias correction factor, b(q,rmax ), calculated from Monte Carlo simulations of the 3:2 and 2:1resonant objects. Results for 3 values of the size distribution index are shown. Continuous linesdenote models with rmax = 1000 km. Dashed lines show r m a x = 500 km. The thick horizontalbar marks the bias estimated analytically in the text. The sharp decrease in b(q ,500) at mR £ 22occurs because some of the largest objects in this distribution are invisible at the 2:1 resonance. Figure 9Heliocentric distance at discovery vs. apparent red magnitude. Solid circles mark objects found inthe 8k survey. Crosses denote simulated objects that passed the survey detection criteria. Theresults of two models are shown. In a), the classical Kuiper Belt is taken to extend to maximumsemi-major axis amax = 47 AU, while in b) a m a x = 200 AU. In both models, the KBOs obey apower law size distribution with index q = 4.0, and all have albedo p R = 0.04. Plutinos havebeen included in proportions needed to yield an apparent Plutino fraction Pa » 0.35. The radial

Large Kuiper Belt ObjectsPage 33density index in the classical Kuiper Belt is taken to be p = 2 in both models and, in the particularsimulation shown here we have chosen rmax = 5 0 0 k m . D i a g o n a l l i n e s s h o w t h e a p p a r e n t magnitudeasafunctionofheliocentricdistanceforKBOradii50,100,200and400km.Figure 10Luminosity function of the Kuiper Belt including photographic survey constraints at mR £˚20. LJ= Luu and Jewitt (1988), LD = Levison and Duncan (1990), K = Kowal (1989) and T =Tombaugh (1961). Truncated q = 4 power law size distribution models are marked.