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The compositional medley of asteroids
Equipped with an abundance of visible-wavelength colours and surface-
brightnessmeasurements fromrecent surveys17,18we cannowreveal a new
map of the distribution of asteroids down to diameters of 5 km (ref. 19)
(Fig. 3). Traditionally, the distribution has been presented as the relative

fraction of asteroid classes as a function of distance2,9,31,32. Nowwe compare
bodies ranging from 5km to 1,000km in diameter, so an equal weighting
would distort the view. By transforming themap of the asteroid belt to the
distribution ofmass19,39, we are able to account for each asteroid type accu-
rately, rather than the frequency or number of types (Fig. 3). Furthermore,
we can now explore the change in distribution as a function of size (Fig. 4).
This is what we have found. The rarer asteroid types, such as the crust

and mantle remnants of fully heated and melted bodies, are seen in all
regions of the main belt14,16. We do not yet know whether this means that
the locations of their respective parent bodies were ubiquitous in the inner
Solar System or whether they were created close to the Sun and later in-
jected into the main belt15,40.
Asteroids that look compositionallyTrojan-like (D-types; see Fig. 3) are

detected in the inner belt, where they are not predicted to exist by dynam-
ical models19,41,42. Their presence so close to the Sun demands an explana-
tion for how they arrived there and whether they are really linked to the
Trojan asteroids at all.
The Hungaria region is typically associated with its eponymous and

brightestmember, (434)Hungaria, and similarly super-reflective asteroids2,8

(E-types; see Fig. 3). Despite this, most of the mass of this region is con-
tained within a few reddish and bluish objects, which are also common
elsewhere in the main belt43–45.
The relative mass contribution of each asteroid class changes as a func-

tion of size in each region of the main belt. Most dramatic is the increase
of bluish objects (C-types; see Fig. 3) as size decreases in the inner belt.
Although these bluish objects are notoriously rare in the inner belt at large
sizes2,32, where they comprise only 6% of the total mass, half of themass is
bluish at the smallest sizes.
In the outer belt, reddish asteroids (S-types; see Fig. 3)make up a small

fraction of the total there, yet their actual mass is still quite significant. In
fact, we now findmore than half of themass of reddish objects outside the
inner belt19.
Just over a decade ago, astronomers still clung to the concept of an

orderly compositional gradient across themain asteroid belt46. Since then
the trickle of asteroids discovered in unexpected locations has turned into
a river.Wenow see that all asteroid types exist in every region of themain
belt (see Box 1 for a discussion of Hildas and Trojans). The smorgasbord
of compositional types of small bodies throughout themainbelt contrasts
with the compositional groupings at large sizes. All these features demand-
edmajor changes in the interpretation of the history of the current asteroid
belt and, in turn, of the Solar System.
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Figure 2 | Cartoon of the effects of planetary migration on the asteroid belt.
This figure captures some major components of the dynamical history of small
bodies in the Solar System based on models11,12,51,54. These models may not
represent the actual history of the Solar System, but are possible histories. They
contain periods of radial mixing, mass removal and planet migration—
ultimately arriving at the current distribution of planets and small-body
populations.
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Figure 1 | The asteroid belt in context with the planets. This plot shows the
location of the main belt with respect to the planets and the Sun as well as
the orbital structure of asteroid inclinations and number density of objects
(yellow represents the highest number density, blue the lowest). Asteroids have
much higher orbital eccentricities and inclinations than do the planets. The
structure of themain belt is divided by unstable regions, seenmost prominently

at 2.5 AU and 2.8 AU (locations where an asteroid’s orbit is ‘in resonance’ with
Jupiter’s orbit), that separate the inner, middle and outer sections of the
main belt. TheHungaria asteroids are located closer to the Sun than is themain
belt and have orbital inclinations centred near 20 degrees. The Hildas are
located near 4 AU and the Jupiter Trojans are in the L4 and L5 Lagrange points
of Jupiter’s orbit.
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Jovian Trojan asteroids in SDSS MOC 3 1401

Figure 11. The top panel compares the differential distributions of estimated
absolute magnitudes in the Johnson V band for CTs separated into leading and
trailing swarms. The counts have indistinguishable slopes, but the overall
normalization is different. The bottom panel illustrates this difference by
showing the ratio of cummulative counts for the two swarms. Note that within
errors this ratio does not depend on absolute magnitude, or equivalently size,
as marked on top (diameter in km).

Figure 12. Analogous to Fig. 11, except that all KTs listed in Bowell’s
ASTORB file are included, and that absolute magnitude estimator V(1, 1, 0)
is replaced by the measured value H. Note that the leading swarm has ∼1.5
times more objects than the trailing swarm at the completeness limit (H ∼

12).

4.3 Colour distribution

One of the main advantages of the sample discussed here are accurate
colour measurements for a sample about two orders of magnitude
larger than available before. Together with robust knowledge about

the colour distribution of main-belt asteroids in the SDSS photomet-
ric system (I01, I02a), we are in a position to compare the colours
of the two populations with an unprecedented level of detail.

We first correct colour measurements for the phase effects us-
ing a linear colour versus phase angle approximation discussed in
Section 4.2. We obtained the following best-fitting relations for the
colours corrected to zero phase angle

(g − r )c = (g − r ) − 0.0051 |α|, (10)

and

(r − i)c = (r − i) − 0.0056 |α|, (11)

with the coefficient errors of about 0.001 mag deg−1. No significant
correlation with the phase angle was detected for the i − z colour,
and too few objects have accurate u − g colour measurement to
attempt a robust fit. As the mean value of |α| is about 2◦, these
corrections are small compared to photometric accuracy.

The colour distribution of Trojan asteroids is compared to the
colour distribution of main-belt asteroids in Fig. 13. The mean
colours and their s.d. (not the error of the mean!) for CTs with
colour errors less than 0.05 mag are u − g = 1.45, 0.08, g − r =

0.55, 0.08, r − i = 0.22, 0.10 and i − z = 0.13, 0.11 (for reference,
these colours correspond to Johnson’s B − V = 0.73, V − R =

0.45 and R − I = 0.43, using the photometric transformations from
Ivezić et al. 2007; these values are in good agreement with previous
work, e.g. Fornasier et al. 2004; Dotto et al. 2006). The two distribu-
tions are different, with the difference maximized in the i − z versus
r − i diagram. Using solar colours from I01, we compute the rela-
tive albedo for Trojan asteroids and compare it to the three dominant
main-belt colour types in Fig. 14. As expected from previous work,
Trojan asteroids are redder than main-belt asteroids at wavelengths
longer than the visual band.

In addition to maximizing colour differences between Trojan and
main-belt asteroids, the i − z versus r − i diagram is interesting
because the distribution of CTs suggests bimodality. To quantify this
effect in the subsequent analysis, we define a colour index which is
a linear combination of the r − i and i − z colours:

t∗ = 0.93 (r − i) + 0.34 (i − z) − 0.25, (12)

with the phase-angle correction
The distribution of this colour index for known and CTs is com-

pared to that of the main-belt asteroids in Fig. 15. The fact that the
distributions for known and CTs are indistinguishable, while clearly
different from that of the main-belt asteroids, is another demonstra-
tion of the robustness of kinematic selection method.

The t∗ distribution for Trojan asteroids is bimodal. At first it ap-
pears that this bimodality is related to L4 versus L5 separation, as
illustrated in Fig. 15. However, objects from L4 and L5 have dif-
ferent observed orbital inclination distribution due to observational
selection effects (see Section 4.3.1). Instead, the differences in the
L4 and L5 colour distributions are due to a colour–inclination cor-
relation, as detailed below.

4.3.1 Correlation between colour and orbital inclination

As was already discernible in Fig. 1, the colour and orbital incli-
nation for Jovian Trojan asteroids are correlated. This correlation
is presented in a more quantitative way in the top panel in Fig. 16
and in Table 1. As evident, objects with large orbital inclination
tend to be redder. For example, the median t∗ colour is −0.01 for
objects with inclination less than 10◦, while it is 0.04 for objects
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more time in the northern hemisphere than the trailing cloud.
During this time the number of known Trojans has increased
ten-fold. With most of the optical large sky surveys located in
the northern hemisphere, the leading cloud has seen significantly
better coverage during this time. In addition, the trailing cloud
has spent the last few years around the Galactic center, an area
that most surveys avoid due to the significant increase in star
density that makes moving object identification correspondingly
difficulty. While the number of MBAs and Trojans to a given
size is similar, only about 1% of the known asteroids are in
the latter population. This ratio is a consequence of the larger
distance that makes a Trojan four magnitudes fainter than an
MBA of similar size in the middle of the Main Belt (this is not
even accounting for differences in albedo that generally make
the apparent magnitudes of the Trojans even fainter).

In this paper we present the analysis of thermal measure-
ments of more than 2000 known and candidate Jovian Trojans
performed by the NEOWISE component of the Wide-field
Infrared Survey Explorer (WISE; Wright et al. 2010; Mainzer
et al. 2011a). WISE, although a mission funded by the NASA’s
Astrophysical Division, is contributing significantly to the study
of the solar system and has observed more than 157,000 minor
planets during its one-year-long survey. The large sample of
Trojans with accurate thermal measurements will allow us to
address the following questions: (1) What is the size distri-
bution of the Jovian Trojans with diameters larger than WISE’s
detection limit of ∼5 km? (2) Do the leading and trailing swarms
have the same size and absolute number distribution above this
detection limit? (3) What is the albedo distribution of the WISE
sample? (4) Do the leading and trailing clouds have the same
albedo distribution?

The WISE/NEOWISE observations are described in
Section 2, and in Section 3 we describe the Trojan sample
and how we select candidate Trojans from the sample of
WISE/NEOWISE observations that do not have any optical
follow-up. Section 4 describes the thermal modeling in details.
The analysis of the results of the thermal modeling is given in
Section 5.

2. OBSERVATIONS

WISE is a NASA Medium-class Explorer mission
designed to survey the entire sky in four infrared wavelengths,
3.4, 4.6, 12, and 22 µm (denoted W1, W2, W3, and W4,
respectively; Wright et al. 2010; Liu et al. 2008; Mainzer
et al. 2005). The survey collected observations of over 157,000
asteroids, including Near-Earth Objects, MBAs, comets, Hildas,
Jupiter Trojans, Centaurs, and scattered disk objects (Mainzer
et al. 2011a). WISE has collected infrared measurements of
nearly two orders of magnitude more asteroids than its prede-
cessor, the Infrared Astronomical Satellite (IRAS; Tedesco et al.
2002; Matson et al. 1989). The survey started on 2010 January 14
and the mission exhausted its secondary tank cryogen on
2010 August 5. The ecliptic x- and y-positions of the objects
observed during the cryogenic part of the survey is shown in
Figure 1. Exhaustion of the primary cryogen tank occurred on
2010 September 29, but the survey was continued until 2011
February 1 as the NEOWISE Post-Cryogenic Mission using
only bands W1 and W2, yielding a survey that observed the en-
tire main-belt once. The WISE survey cadence resulted in most
minor planets receiving on average of 10–12 observations over
∼36 hr (Wright et al. 2010; Mainzer et al. 2011a).

The WISE observations of the Trojans were retrieved by
querying the Minor Planet Center (MPC) observation files to

Figure 1. Ecliptic x- and y-positions on 2010 August 5 of the 142,716 objects
detected during the cryogenic part of the WISE survey that was assigned an
orbit from the MPC (from 2010 January 14 to 2010 August 5). The two Jovian
Trojans clouds are clearly seen ∼60◦ leading and trailing the planet Jupiter. The
orbits and positions of Mercury, Venus, Earth, Mars, and Jupiter are also shown.

look for all instances of individual WISE detections of the
desired objects that were reported using the WISE Moving
Object Processing System (WMOPS; Mainzer et al. 2011a).
The resulting set of position/time pairs were used as the basis
for a query of WISE source detections in individual exposures
(known as “Level 1b” images) using the Infrared Science
Archive (IRSA). To ensure that only observations of the moving
objects were returned from the query, a search radius of 0.′′3
from the position listed in the MPC observation file was used.
Furthermore, since WISE collected a single exposure every 11 s,
the time of our observation was required to be within 4 s of the
time specified by the MPC. Only observations with 0 or p in the
artifact identification flag cc_flag were used. A cc_flag value
of 0 indicates that no evidence of known artifacts was found at
the position, while a cc_flag of p indicates that an artifact may
be present. We have found that observations with cc_flag of p
produce fluxes that are similar to non-flagged fluxes, resulting
in recovery of 20% more observations. Some of the Trojans
observed have W3 magnitudes smaller than 4, at which point the
detector approached experimentally derived saturation limits. In
order to account for the inaccuracy of the point-spread-function
fitting of these slightly saturated observations, the WISE W3 and
W4 magnitude error bars were set to 0.2 mag (Mainzer et al.
2011c).

In order to avoid having low-level noise detections and/or
cosmic rays contaminating our thermal model fits we required
each object to have at least three uncontaminated observations
in a band. Any band that did not have at least 40% of the
observations of the band with the most numerous detections
(W3 or W4 for the Trojans), even if it has three observations,
was discarded. WMOPS was designed to reject inertially fixed
objects such as stars and galaxies in bands W3 and W4. However,
with stars having ∼100 times higher density in bands W1 and
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Figure 15. Example mean longitude results from our debiasing simulations. The
dashed gray line gives the synthetic population used in the simulation. The gray
solid line gives the resulting simulated population. The black solid line gives the
population observed by WISE/NEOWISE. The plots show objects larger than
10 km and observed arcs longer than 18 days.

∼1.4 for the LAT sample alone to ∼1.2. The lack of inclusion
of the SAT sample in the preliminary debiasing is most likely
the dominant error in determining the fraction of objects in the
two clouds at this point. The two clouds thus have a fractional
number of N (leading)/N(trailing) ∼1.4 ± 0.2, which is lower
than the fraction of 1.6 ± 0.1 derived by Szabó et al. (2007)
based on optical observations from the Sloan Digital Sky Sur-
vey. This example shows, however, that full debiasing is the key
to fully understand the similarities and differences between the
two populations. This work is underway and will be presented
in a future paper.

6.1. Conclusions

We have derived thermal models of 1739 Jovian Trojans
together with a sample of 349 objects with observational
characteristics that make them possible Trojans. This sample
represents an increase by more than one order of magnitude
in the number of Jovian Trojans with thermal measurements
compared to previous surveys (Tedesco et al. 1992, 2002;
Fernández et al. 2003, 2009; Ryan & Woodward 2010).

We find that the Jovian Trojan population is very homogenous
for sizes larger than ∼10 km (close to the lower size limit
for which WISE is sensitive to these objects). The observed
sample consists almost exclusively of low albedo objects, with
the observed sample having a mean albedo value of 0.07 ± 0.0.3.
The uniformly low albedos strengthens the notion that the
population consists almost exclusively of C-, P- and D-type
asteroids (Gradie et al. 1989). The beaming parameter was also
derived for a large fraction of the observed sample, and is also
very homogenous with an observed mean value of 0.88 ± 0.13.

Preliminary debiasing of the survey shows our observed
sample is consistent with the leading cloud containing more
objects than the trailing cloud. We estimate the fraction to
be N (leading)/N (trailing) ∼1.4 ± 0.2, somewhat lower than
with the 1.6 ± 0.1 value derived by Szabó et al. (2007). The
size distribution is also found to be broadly consistent with
the power-law slope found in Jewitt et al. (2000), and work is
underway to fully debias this interesting population of objects.

This publication makes use of data products from the
Wide-field Infrared Survey Explorer, which is a joint project
of the University of California, Los Angeles, and the Jet
Propulsion Laboratory/California Institute of Technology,
funded by the National Aeronautics and Space Administration.
This publication also makes use of data products from
NEOWISE, which is a project of the Jet Propulsion
Laboratory/California Institute of Technology, funded by the
Planetary Science Division of the National Aeronautics and
Space Administration. We gratefully acknowledge the extraor-
dinary services specific to NEOWISE contributed by the Inter-
national Astronomical Union’s Minor Planet Center, operated
by the Harvard-Smithsonian Center for Astrophysics, and the
Central Bureau for Astronomical Telegrams, operated by Har-
vard University. We also thank the worldwide community of
dedicated amateur and professional astronomers devoted to mi-
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nology, under contract with the National Aeronautics and Space
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objects for zone 4+5. The uncertainties in these estimates, based
on less plausible alternate extrapolations, are about 50%, as in-
dicated by the steeper and shallower dotted lines bracketing the
solid least-square-fit lines in Figure 2.

We next used these estimates to produce a file of synthetic
background asteroids, one file for each zone, using a randomly
generated diameter distribution matching that of the extrapolated
cumulative distribution. Because we eliminated synthetic back-
ground asteroids larger than the nominal completeness limit (ac-
cording to their generated albedo; see below and Table 2), and
also because of some small rounding effects in the generation
routine, the actual numbers of objects created in the three zones
were 36,969, 37,675, and 67,943, respectively. In addition, num-
bered asteroids known to be smaller than the nominal complete-
ness limit replaced (i.e., were substituted for) synthetic asteroids
of the same diameter.

To each of these records we added orbital elements with uni-
formly distributed angular elements (argument of perihelion and
longitude of the ascending node) matching the a, e, and i dis-
tributions of the sample of known asteroids in each zone having
diameters above the completeness limit. The epoch of osculation

for all elements is 1998 October 14 (JD 2,451,100.5). Next, albe-
dos were randomly assigned to each record in proportion to their
representation in that zone (i.e., the bias-corrected proportions
given in Table 3). Finally, absolute magnitudes (H ) were com-
puted for each entry from its corresponding diameter and albedo
using equation (2).

Table 5 gives the albedo distribution resulting from the
procedure described above before elimination of the statistical
background asteroids larger than the completeness limit. The
concatenation of these three files constitutes the SAM’s MBA
background population model.

Fig. 2.—SFDs for background asteroids in zones 2, 3, and 4+5 extrapolated to 1 km. The dotted vertical lines bracketing the solid vertical line indicate diameters cor-
responding to low (right) and high (left) albedos (from Table 2), and the solid line corresponds to the bias-corrected logarithmic mean albedo at the center of each zone.

TABLE 5

Statistical Albedo Assignments for the Nonfamily MBA Statistical
Background Model

Population Group Zone Total No. Low Int. Mod. High

1............................ 2 37822 15885 1891 17398 2648

2............................ 3 38362 20332 3069 14194 767
3............................ 4+5 68486 50680 4794 12327 685

STATISTICAL ASTEROID MODEL. I. 2873No. 6, 2005

wavelength in any given field for a given epoch. An observational
test of the model is then conceptually and technically simple, al-
though it is challenging in practice because of the need for space-
based infrared observations and large ground-based telescopes
for near-simultaneous (i.e., within!1 week) visual observations,
not to mention scheduling issues arising from the need for coor-
dinated infrared and visual observations.

4.2. Comparison with Existing Observations

Currently, there are only two published population estimates
to compare with SAM’s: the Ivezić et al. (2001) investigation
based on preliminary SDSS data, and the Tedesco &Désert (2002)
ISO Deep Asteroid Search (IDAS). Each of these studies gives
an estimate of the MBA population for diameters greater than
1 km. These estimates differ by a factor of 2.6. Neither of these
studies was designed to test SAM, and neither contains the in-
formation required for a true test of SAM. Nevertheless, these
studies provide useful information as discussed below.

The first available observational test at visual wavelengths
is provided by the recent SDSS study. As shown in Figure 4, the
SDSS-derived size distribution is below the SAM prediction for
a size of 1 km. Perhaps more importantly, the shape of the SDSS
SFD is significantly different from that of the SAM SFD. If the
SDSS SFD is correct, then SAM overestimates the MBA pop-
ulation above 1 km by a factor of 2.6.

The IDAS study, the first available observational test at infra-
red wavelengths, usingmaps at 12 !m, found 160! 32 asteroids
deg"2 with 12 !m flux densities greater than 0.60 mJy. This is
substantially in agreement with the SAM prediction (190! 20)
for the same date, wavelength, observing geometry, and sensi-
tivity limit as the actual observations.

The SDSS and IDAS studies each have their own limitations,
discussed in their respective publications, and probably contain
unrecognized systematic errors as well. Nevertheless, regarding
the total population with diameters greater than 1 km, they are in
agreement with SAM to within less than a factor of 3. Additional
observational tests are certainly needed; one (SKADS; see x 5.2)
has already been conducted, and others are being planned.

4.3. Comparison with Existing Data and Models

Figure 4 shows how SAM compares with seven other recent
asteroid SFD estimates. As demonstrated in the figure, SAM is a
middle-of-the-road model for diameters larger than 1 km in that
SAM’s total population is around the middle of those given by

the models plotted (and cited) in this figure. The Farinella et al.
(1992) model 3, and possibly model 4 as well, the lowest and
highest in the figure, are ruled out by recent observations (Ivezić
et al. 2001; Tedesco & Désert 2002). This leaves the Farinella
et al. (1992) model 2 and SDSS (Ivezić et al. 2001) distributions
as the current extremes.
It is generally accepted that over 95% of non-NEAs with

V (a; 0) < 15:75 have already been discovered (see, e.g., Zappalà
& Cellino 1996; JM98). Actually, it is likely that, through early
2002, over 98% of these brightMBAs have been discovered. For
example, the 2002 April 21 daily orbital element file available
from the MPC),9 hereafter referred to simply as the MPCOrb
file, contains elements for 149,940 MBAs:10 37,873 numbered,
84,544 multiapparition, and 27,523 single apparition. Of these,
4366 MBAs (using the inner, middle, and outer regions defined
by JM98) have V (a; 0) < 15:75. However, more significantly, of
the last 10,000 asteroids added to each of these three groups, only
34, two, and zero, respectively, have V (a; 0) < 15:75. Thus,
even if there are as many as 4500 MBAs with V (a; 0) < 15:75,
97.0% have already been discovered. It is unlikely that there are
an additional 134 MBAs with V (a; 0) < 15:75 lurking among
those still awaiting discovery.
Using a given definition for the main belt or its subdivisions,

one can study the absolute magnitude (H ) distribution of the as-
teroids without further ado, but if one is interested in the distri-
bution of the sizes, then a size, parameterized as the diameter (D)
in kilometers here and in the study of DGJ98, is required for each
MBA. Diameters can be obtained in several ways ranging from
actually measuring them to estimating them by using an assumed
albedo ( pV) to compute them from H via equation (1). In prac-
tice, a mixture of measured and estimated diameters is used,
since measurements are available for only a small and rapidly
shrinking fraction of the known asteroids.
Because the SAM population model was created using data

for 8603 numbered asteroids and the JM98 work is of a similar
vintage, comparison of these distributions with the MPCOrb
distribution, in principle, tests how well these two models rep-
resent the true population. For values of H brighter than the
completeness limit, the MPCOrb distribution defines the ‘‘true
population,’’ and for values of H fainter than the completeness
limit, theMPCOrb distribution sets a lower limit on the true pop-
ulation. Figure 5 presents plots of absolute magnitudes versus
cumulative numbers for five different data sets.
The values of H for all main-belt MPCOrb asteroids, only

those numbered through 8603, and the SAMmodel forH < 11:5
are all essentially from the knownmain-belt asteroid module and
are therefore not a test of SAM, since this population is complete.
The dotted line in Figure 5 is offset 0.5 mag from the MPCOrb
curve to avoid overlapping with the other curves and yet provide
some indication of the magnitude of the effect of a probable sys-
tematic error in H discussed below.
The open squares and solid line in Figure 5 for H > 11:5 are,

respectively, the SAM and JM98 models of the H distribution.
These can be compared with one another and with the sample of
known MBAs as of early 2002 (top set of dots). For 11:5 <
H < 14:0, the MPCOrb sample and SAM are well represented
by essentially parallel straight lines with linear correlation co-
efficients of 0.9997 and 0.9977 and slopes of 0:50! 0:01 and
0:51! 0:01, respectively. The JM98 curve is nonlinear and
mostly higher than SAM. Because of this curvature of the JM98

Fig. 4.—Model MBA SFDs (adopted from Davis et al. 2002; ‘‘Galileo
team’’ = Belton et al. 1992).

9 See http://cfa-www.harvard.edu /iau /mpc.html.
10 Using the definition of JM98: 2:0 AU # a # 3:5 AU, e # 0:40, 0N5 #

i # 45N5.
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NEAR-­‐EARTH	
  OBJECTS	
  (NEO)	
  

Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  



 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.5  1  1.5  2  2.5  3  3.5  4  4.5

E
cc

e
n
tr

ic
ity

Semimajor axis [AU]

Known asteroids with D>3km

NEO

MBO

	
  Yarkovsky	
  drid	
  

mean-­‐mo(on	
  &	
  	
  
secular	
  resonances	
  

planetary	
  
encounters	
  

Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  



Source-­‐dependent	
  constraints	
  
from	
  orbital	
  dynamics	
  

è	
  

n(a,e, i,H ) =!(a,e, i,H )N(H ) fiRi (a,e, i)
i=1

NS

!

n(a,e, i,H ) =!(a,e, i,H ) fiNi (H )Ri (a,e, i)
i=1

NS

!

Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  



NEO	
  detec(ons	
  by	
  CSS	
  2005-­‐2012	
  

 10
 15
 20
 25
 30

H

 15
 30
 45
 60
 75

i/d
eg

0.2
0.4
0.6
0.8

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

e

a/AU

G96

 10
 15
 20
 25
 30

H

 15
 30
 45
 60
 75

i/d
eg

0.2
0.4
0.6
0.8

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

e

a/AU

703

 10
 15
 20
 25
 30

H

 15
 30
 45
 60
 75

i/d
eg

0.2
0.4
0.6
0.8

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

e

a/AU

G96

 10
 15
 20
 25
 30

H

 15
 30
 45
 60
 75

i/d
eg

0.2
0.4
0.6
0.8

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

e

a/AU

703

Mt.	
  Lemmon	
  (G96)	
   Catalina	
  (703)	
  

Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  

Narrow	
  &	
  deep	
   Wide	
  &	
  shallow	
  	
  



Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  

!"#"$%&'()*&+,+-.-#/(0&*(122(

3,-,(456(227(829:;(<=11>;(?,*-@(



Detec(on	
  probability	
  for	
  CSS	
  

Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  



 0

 10

 20

 30

 40

 50

 60

 1.5  2  2.5  3  3.5  4

i [
d
e
g
]

a [AU]

1
:2

E

5
:1

J
2
:5

E

4
:1

J

7
:2

J
1
0
:3

J

3
:1

J

1
1
:4

J
8
:3

J

5
:2

J
1
2
:5

J
7
:3

J
9
:4

J
1
1
:5

J

2
:1

J

 0

 10

 20

 30

 40

 50

 60

 1.5  2  2.5  3  3.5  4

i [
d
e
g
]

a [AU]

1
:2

E

5
:1

J
2
:5

E

4
:1

J

7
:2

J
1
0
:3

J

3
:1

J

1
1
:4

J
8
:3

J

5
:2

J
1
2
:5

J
7
:3

J
9
:4

J
1
1
:5

J

2
:1

J

Ini(al	
  condi(ons	
  for	
  residence	
  
integra(ons	
  from	
  known	
  MBOs	
  

Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  



Residence-­‐(me	
  integra(ons	
  

Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  



 0

 10

 20

 30

 40

 50

 60

 1.5  2  2.5  3  3.5  4

i [
d
e
g
]

a [AU]

1
:2

E

5
:1

J
2

:5
E

4
:1

J

7
:2

J
1

0
:3

J

3
:1

J

1
1

:4
J

8
:3

J

5
:2

J
1

2
:5

J
7

:3
J

9
:4

J
1

1
:5

J

2
:1

J

 0

 10

 20

 30

 40

 50

 60

 1.5  2  2.5  3  3.5  4

i [
d
e
g
]

a [AU]

1
:2

E

5
:1

J
2

:5
E

4
:1

J

7
:2

J
1

0
:3

J

3
:1

J

1
1

:4
J

8
:3

J

5
:2

J
1

2
:5

J
7

:3
J

9
:4

J
1

1
:5

J

2
:1

J

Source	
  classifica(on	
  when	
  q=1.3	
  au	
  

Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  



Residence-­‐(me	
  distribu(ons	
  

Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  

 0  0.5  1  1.5  2  2.5  3  3.5  4

Semimajor axis [au]

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

E
cc

e
n
tr

ic
ity

 0  0.002  0.004  0.006  0.008  0.01  0.012  0.014  0.016  0.018  0.02

Relative density

         

 10

 30

 50

 70

 90

In
cl

in
a
tio

n
 [
d
e
g
]

 0  0.5  1  1.5  2  2.5  3  3.5  4

Semimajor axis [au]

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

E
cc

e
n
tr

ic
ity

 0  0.002  0.004  0.006  0.008  0.01  0.012  0.014  0.016  0.018  0.02

Relative density

         

 10

 30

 50

 70

 90

In
cl

in
a
tio

n
 [
d
e
g
]

 0  0.5  1  1.5  2  2.5  3  3.5  4

Semimajor axis [au]

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

E
cc

e
n

tr
ic

ity

 0  0.002  0.004  0.006  0.008  0.01  0.012  0.014  0.016  0.018  0.02

Relative density

         

 10

 30

 50

 70

 90

In
cl

in
a

tio
n

 [
d

e
g

]

 0  0.5  1  1.5  2  2.5  3  3.5  4

Semimajor axis [au]

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

E
cc

e
n

tr
ic

ity

 0  0.002  0.004  0.006  0.008  0.01  0.012  0.014  0.016  0.018  0.02

Relative density

         

 10

 30

 50

 70

 90

In
cl

in
a

tio
n

 [
d

e
g

]

 0  0.5  1  1.5  2  2.5  3  3.5  4

Semimajor axis [au]

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

E
cc

e
n

tr
ic

ity

 0  0.002  0.004  0.006  0.008  0.01  0.012  0.014  0.016  0.018  0.02

Relative density

         

 10

 30

 50

 70

 90

In
cl

in
a

tio
n

 [
d

e
g

]

 0  0.5  1  1.5  2  2.5  3  3.5  4

Semimajor axis [au]

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

E
cc

e
n

tr
ic

ity

 0  0.002  0.004  0.006  0.008  0.01  0.012  0.014  0.016  0.018  0.02

Relative density

         

 10

 30

 50

 70

 90

In
cl

in
a

tio
n

 [
d

e
g

]

 0  0.5  1  1.5  2  2.5  3  3.5  4

Semimajor axis [au]

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

E
cc

e
n

tr
ic

ity

 0  0.002  0.004  0.006  0.008  0.01  0.012  0.014  0.016  0.018  0.02

Relative density

         

 10

 30

 50

 70

 90

In
cl

in
a

tio
n

 [
d

e
g

]

nu6	
   Hungaria	
   Phocaea	
   3:1J	
  

5:2J	
  complex	
   2:1J	
  complex	
   JFC	
  



PRELIMINARY	
  RESULTS	
  	
  
USING	
  G96	
  ONLY	
  



Model	
  calibra(on	
  	
  
G96	
  model	
  vs	
  G96	
  observa(ons	
  

Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  

red = predicted, blue = observed

a

Fr
eq
ue
nc
y

0
50

10
0

15
0

20
0

0.6 0.9 1.2 1.5 1.8 2 2.2 2.5 2.8 3 3.2 3.5

Fr
eq
ue
nc
y

0
50

10
0

15
0

20
0

0.6 0.9 1.2 1.5 1.8 2 2.2 2.5 2.8 3 3.2 3.5

red = predicted, blue = observed

e

Fr
eq
ue
nc
y

0
50

10
0

15
0

20
0

25
0

30
0

0 0.08 0.2 0.28 0.4 0.48 0.6 0.68 0.8 0.88 1

Fr
eq
ue
nc
y

0
50

10
0

15
0

20
0

25
0

30
0

0 0.08 0.2 0.28 0.4 0.48 0.6 0.68 0.8 0.88 1

red = predicted, blue = observed

i

Fr
eq
ue
nc
y

0
10
0

20
0

30
0

40
0

50
0

60
0

0 4 8 12 20 28 36 44 52 60 68 76

Fr
eq
ue
nc
y

0
10
0

20
0

30
0

40
0

50
0

60
0

0 4 8 12 20 28 36 44 52 60 68 76

red = predicted, blue = observed

H

Fr
eq
ue
nc
y

0
20

40
60

80
10
0

15 15.8 16.8 17.8 18.8 19.8 20.8 21.8 22.8 23.8 24.8

Fr
eq
ue
nc
y

0
20

40
60

80
10
0

15 15.8 16.8 17.8 18.8 19.8 20.8 21.8 22.8 23.8 24.8



Incremental	
  H	
  distribu(ons	
  per	
  source	
  

Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  

!"#$

!"#%

!"#!

!""

!"!

!"%

!"$

!"&

!"'

(!' (!) (!* (!+ (!, (%" (%! (%% (%$ (%& (%'

-
.
/
0
1
2(
3
4(
-
5
6
7(
8
1
2(
"
9%
'
#/

:
;
(0
<=

>073?.@1(/:;=<@.A1(B

CDE
%F!
'F%
$F!

GH3I:1:
B.=;:2<:

=.)



NEO	
  source	
  ra(os	
  as	
  a	
  func(on	
  of	
  H	
  

Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  

!"

!#"

!$"

!%"

!&"

!'""

'()'#(

'()%#(

'%)'#(

'%)%#(

'*)'#(

'*)%#(

'&)'#(

'&)%#(

'+)'#(

'+)%#(

#")'#(

#")%#(

#')'#(

#')%#(

##)'#(

##)%#(

#,)'#(

#,)%#(

#$)'#(

#$)%#(

-
.
/
01
2
!0
3
45
.
6!
78

9

:;6.</42!=3>?54/@2!A

B.@2<!13<5;0345.?!C54D!E+%!@343

?/%
A/?>3053
FD.1323
,G'
(G#
#G'
HIJ



Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  

Hungarias	
  



Photometric	
  phasecurves	
  provide	
  a	
  proxy	
  
for	
  albedo	
  and	
  surface	
  proper(es	
  	
  

Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  

characteristics. By adopting mean color index correc-
tions, we will have introduced small systematic errors
into some of the photometric observations.

! In this study, photometric observations have not been
weighted. However, it is clear that different observers
achieve different photometric accuracy, and that
photometric accuracy declines as a telescope’s limiting
magnitude is approached. To compound the problem, it
is known that small (generally faintest) asteroids tend
to be less spherical than large ones, and thus exhibit
lightcurves having greater amplitudes. Using the large
quantity of data we have in hand, it will be possible to
separate the components of the photometric error

budget, and thereby assign a realistic weight to each
observation.

4. Results and discussion

First, we apply the online tool to create fits to the
Lowell observatory data set. Table 2 summarizes fits to
the data of the first ten numbered asteroids. Fits using
different phase functions resulted in the same rms values
for an object. The last columns in Table 2 contain H and G
values derived by other authors, based on different data

Fig. 4. Least-squares fits to the phase curve of asteroid (2) Pallas and
68.27% and 99.73% uncertainty envelopes. For numerical values see
Table 2. (a) H,G magnitude phase curve, (b) H,G1,G2 magnitude phase
curve, (c) H,G12 magnitude phase curve.

Fig. 5. Least-squares fits to the phase curve of asteroid (20) Massalia and
68.27% and 99.73% uncertainty envelopes. (a) H,G magnitude phase
curve, H¼ 6:4370:10

0:08, G¼ 0:2470:11
0:07, (b) H,G1,G2 magnitude phase curve,

H¼ 6:1470:25
0:20, G1 ¼ 0:04370:32

0:23, G2 ¼ 0:4070:10
0:11, (c) H,G12 magnitude

phase curve, H¼ 6:4170:03
0:03, G12 ¼ 0:3270:19

0:15.

D.A. Oszkiewicz et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 112 (2011) 1919–1929 1925

The variable colored family members in this plot correlate
well with families in the SDSS color–color [16] plot.

To validate our statistical joint treatment, we performed
AIC, BIC, and F tests, as described in Section 2. In both cases
(family joint treatment and taxonomy class joint treat-
ment), we conclude that the data allow for joint treatment
of the G1, G2 parameters. The individual data contain
significant uncertainties (on average about 70:3 mag)
and the joint treatment does not influence the resulting
residual rms values for individual asteroids greatly. The
joint G1,f, G2,f or G1,type, G2,type solutions usually lie in the
center of a scatter plot of the individual G1, G2 solutions for
family members, and within the 1!s uncertainties of all
individual solutions. However, the statistical testing is
inconclusive. The AIC tests suggest that both separate and
joint models could be ranked approximately at the same
level, and the separate model is a bit better. The BIC tests
suggest that the joint model should be the preferred one,

due to high penalty given to the large number of free
parameters used in the separate model. However, the
F-test seems to favor the separate solution and suggests
that there is a statistically significant difference between
the models. We conclude that the joint modeling could be
justified as it offers a useful tool for our problem.

5. Conclusions and future work

We have developed an online open-source applet
application for analyzing asteroid phase curves. The tool
is available at : http://asteroid.astro.helsinki.fi/astphase/
and comes with documentation, such as a user manual
and Javadoc. We have indicated uses of the so-called
Asteroid Phase Curve Analyzer tool.

At the time of writing, we have almost completed MC
computations for the complete photometric data set,
which contains more than 500,000 asteroids. Although
there are caveats regarding our current methods of cali-
brating the raw data to the V band (Section 3), we foresee a
number of data products and a rich trove of scientific
results that will eventually result from increasingly rigor-
ous analysis. One of the data products will be a tabulation
of asteroid photometric parameters: H,G12, their 1!s and
3!s uncertainties (outlying values of G12 will be replaced
by values based on family membership, taxon, albedo, or
location in the belt), and the number of observations
analyzed. The tabulation will also contain limited informa-
tion about likely lightcurve amplitudes for most asteroids;
and, for some asteroids, information about longitudinal
variation of H from which spin-axis longitudes may be
derived. We anticipate quasidaily updates of the tabulation
as new and newly calibrated photometric data are added.

We plan to present our results at the 2012 General
Assembly of the International Astronomical Union with a
view to adoption by the astronomical community of the
H,G12 and H,G1,G2 photometric systems and our tabulation
of asteroid photometric parameters.
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Figure 1. The dots show the osculating orbital inclination versus semimajor
axis distribution of 43 424 unique moving objects detected by the SDSS,
and matched to objects with known orbital parameters listed in Bowell’s
ASTORB file (these data are publicly available in the third release of the
SDSS Moving Object Catalogue. The dots are colour-coded according to
their colours measured by SDSS (see I02a for details, including analogous
figures constructed with proper orbital elements). Note that most main-belt
asteroid families have distinctive colours. Jovian Trojans asteroids are found
at a ∼ 5.2 au, and display a correlation between the colour and orbital
inclination (objects with high inclination tend to be redder, see Section 4).

by Jedicke et al. (2004) and further discussed by Nesvorny et al.
(2005). Multiple SDSS observations of objects with known orbital
parameters can be accurately linked, and thus SDSS MOC also con-
tains rich information about asteroid colour variability, discussed in
detail by Szabó et al. (2004).

The value of SDSS data becomes particularly evident when ex-
ploring the correlation between colours and orbital parameters for
main-belt asteroids. Fig. 1 uses a technique developed by I02a to
visualize this correlation. A striking feature of this figure is the
colour homogeneity and distinctiveness displayed by asteroid fam-
ilies. This strong colour segregation provides firm support for the
reality of asteroid dynamical families. Jovian Trojans asteroids are
found at a ∼ 5.2 au, and display a correlation between the colour and
orbital inclination (objects with high inclination tend to be redder).
On the other hand, the colour and orbital eccentricity (see Fig. 2)
do not appear correlated.

The distribution of the positions of SDSS observing fields in a
coordinate system centred on Jupiter and aligned with its orbit is
shown in Fig. 3. As evident, both L4 and L5 regions are well covered
with the available SDSS data. There are 313 unique known objects
(from ASTORB file) in SDSS MOC whose orbital parameters are
consistent with Jovian Trojan asteroids (here defined as objects with
semimajor axis in the range 5.0–5.4 au). Since SDSS imaging depth
is about 2 mag deeper than the completeness limit of ASTORB
file used to identify KTs, there are many more Trojan asteroids in
SDSS MOC whose orbits are presently unconstrained. Nevertheless,
they can be identified using a kinematic method described in the
following Section.

3 S E L E C T I O N O F T RO JA N A S T E RO I D S F RO M

S D S S M OV I N G O B J E C T C ATA L O G U E

The angular velocity of moving objects measured by SDSS can be
used as a proxy for their distance determination and classification

Figure 2. Analogous to Fig. 1, except that here the orbital eccentricity ver-
sus semimajor axis distribution is shown. Note that there is no discernible
correlation between the colour and eccentricity for Jovian Trojan asteroids.

Figure 3. The distribution of the longitude of ∼440 000 9 × 13 arcmin2

large SDSS observing fields in a coordinate system centre on Jupiter and
aligned with its orbit, as a function of observing epoch (green symbols).
Fields obtained within 25◦ from the opposition are marked by black symbols.
The two dashed lines mark the relative longitudes of the L4 (λJup = 60◦,
leading swarm) and L5 (λJup = −60◦, trailing swarm) Lagrangian points.
Both swarms are well sampled in the third release of SDSS Moving Object
Catalogue.

(see fig. 14 and appendix A in I01). For example, Jovian Trojan
asteroids are typically slower than main-belt asteroids because their
distances from Earth are larger (the observed angular velocity is
dominated by the Earth’s reflex motion). However, in addition to
angular velocity, the selection algorithm must also include the lon-
gitudinal angle from the opposition, φ, because for large values of
|φ| the main-belt asteroids can have angular velocity as small as
Jovian Trojans. This behaviour is illustrated in Fig. 4.

We optimize criteria for selecting candidate Jovian Trojans with
the aid of 482 observations of 313 Trojans from SDSS MOC that
have known orbits extracted from ASTORB file (there are 43 424
unique objects with known orbits in the third release of SDSS
MOC). These 482 observations are identified in orbital space using
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In	
  the	
  future,	
  we	
  will...	
  

•  include	
  G12	
  (or,	
  G1	
  and	
  G2)	
  slope	
  parameters	
  
as	
  a	
  proxy	
  for	
  albedo	
  and	
  surface	
  physical	
  
proper(es,	
  

•  use	
  observed	
  H	
  distribu(ons	
  and	
  G12	
  (and	
  
spectra?)	
  in	
  different	
  source	
  regions	
  to	
  
constrain	
  NEO	
  model,	
  

•  construct	
  MBO	
  model	
  with	
  more	
  reliable	
  
extrapola(on	
  to	
  smaller	
  sizes	
  by	
  using	
  
constraints	
  from	
  NEOs.	
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  Paris	
  



WHAT	
  DOES	
  GAIA	
  PROVIDE?	
  

Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  



Gaia	
  provides...	
  

•  a	
  stable	
  and	
  well-­‐understood	
  all-­‐sky	
  survey,	
  
•  superb	
  astrometry	
  for	
  new	
  (and	
  old!)	
  
discoveries,	
  

•  photometric	
  and	
  spectrometric	
  
characteriza(on	
  for	
  a	
  large	
  frac(on	
  of	
  the	
  
asteroid	
  popula(on,	
  

•  that	
  is,	
  orbits,	
  H	
  &	
  G12,	
  spectral	
  classifica(on,	
  
asteroid	
  families,	
  high-­‐quality	
  metadata,	
  etc.	
  

Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  



WHAT	
  IS	
  GAIA-­‐FUN-­‐SSO’S	
  ROLE?	
  

Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  



Astrometric	
  follow-­‐up	
  

Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  



Gaia	
  does	
  not	
  produce	
  photometry	
  in	
  the	
  direc(on	
  
of	
  opposi(on	
  –	
  need	
  for	
  photometric	
  follow-­‐up	
  

Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  

Eggl	
  and	
  Devillepoix	
  



Summary	
  
•  Reliable	
  extrapola(ons	
  to	
  sizes	
  below	
  the	
  completeness	
  level	
  

currently	
  only	
  available	
  for	
  NEOs	
  –	
  simple	
  extrapola(on	
  for	
  MBOs	
  
and	
  JTOs.	
  

•  Simultaneous	
  modeling	
  of	
  the	
  NEO	
  and	
  MBO	
  popula(ons	
  will	
  have	
  
a	
  major	
  impact	
  on	
  our	
  understanding	
  of	
  both	
  popula(ons	
  –	
  
physical	
  proper(es	
  for	
  NEOs,	
  smaller	
  sizes	
  for	
  MBOs.	
  

•  Gaia	
  offers	
  a	
  survey	
  from	
  a	
  stable	
  and	
  well-­‐understood	
  plaqorm,	
  
producing	
  orbits,	
  phase-­‐curve	
  parameters,	
  and	
  spectra.	
  

•  Gaia-­‐FUN-­‐SSO	
  is	
  a	
  cri(cal	
  component	
  in	
  	
  ensuring	
  astrometric	
  
follow-­‐up	
  for	
  new	
  (NEO)	
  discoveries	
  and	
  could	
  also	
  be	
  cri(cal	
  in	
  
ensuring	
  high-­‐accuracy	
  photometric	
  (NEO)	
  follow-­‐up	
  at	
  small	
  phase	
  
angles.	
  

Gaia	
  FUN	
  SSO	
  WS#3,	
  IMCCE,	
  Paris	
  


