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Outline of talk
First half: The position of solar system science in Subaru users in open use.  
Subaru started open use from 2000.  Solar system is a small (probably 
smallest) category among Subaru users. How small? 
I will show you some statistics related to Subaru proposals (includes only 
open use time) and publications. 

Second half: Solar system sciences with Suprime-Cam or Hyper Suprime-Cam 
during 20 year observation. Mostly related to asteroids, Jupiter Trojans, and 
TNOs. 

For sharing information about how operate the open use time 
with foreign researchers. 



Statistics related to Subaru open-use 
proposal

• Number of Proposals (solar system) for 20 years (S00-S19) 
                                               Solar system               All 

•submitted proposal         449 (7.8%)       5773   
•accepted proposal          133 (7.9%)       1694 
•allocated nights               179 (5.4%)       3335.9 

• Number of Publications 
        Solar system : 118 (5.7%)        All : 2071  



0

50

100

150

200

250

0

5

10

15

20

25

S00 S01A S01B S02A S02B S03A S03B S04A S04B S05A S05B S06A S06B S07A S07B S08A S08B S09A S09B S10A S10B S11A S11B S12A S12B S13A S13B S14A S14B S15A S15B S16A S16B S17A S17B S18A S18B S19A S19B

Solar system proposals of Subaru

solar_submit ted solar_accepted submitted_all accepted_allSolar System submitted, Solar System accepted,  
All submitted, All accepted

provided by Chie Yoshida @ Subaru telescope

Time variation of number of proposals (submitted & accepted)

Solar System All

About 150 proposals were submitted each semester.  
About 10 proposals were submitted to Solar system category  each semester. 
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Time variation of number of proposals (submitted & accepted)

Solar System All

Recently the number of solar system proposals is decreasing.
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Number of allocation nights for each category is proportional to the number of 
submitted proposals in each category.

Rule for “Open-Use”

We need to encourage people to submit more proposals to get more nights.



36

83

168

180.5

218.5

177

195

227.5 230
223

134

148.8
140.5

148

207
199

139

151.5

178.5

151.1

3 5
11

6.5 2 3 6.5 10 14.5 10.5 10 12 11 11.5 15 11 12 8.5 11
5

0

50

100

150

200

250

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

All, Solar System

Allocated nights for Solar System and all categories

https://www.naoj.org/Observing/Proposals/Submit/pastinfo.html

How many Subaru nights have used for Solar System observation
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Somehow, Solar system keeps almost constant portion 
of observation nights. But number of allocation nights 
is small. This year, we have only 5 nights.

https://www.naoj.org/Observing/Proposals/Submit/pastinfo.html

How many Subaru nights have used for Solar System observation

We need to encourage people to submit more proposals to get more nights.



S00-S19B 

Total night: 3335.9 
Solar System: 179

Among Solar System nights,

47.5

48

83.5

Other 
Small Bodies

Comets

Planets,  
Satellites,  
rings

Allocation night for Solar System science is about 5% of total open 
use time.

There are 10 categories. Solar System should take 10 % of the nights.

We need to encourage people to submit more proposals to get more nights.

Most of observation for other small 
bodies are imaging survey for 
finding new objects using SC and 
HSC. They need a lot of nights.
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https://www.naoj.org/Observing/Proposals/Publish/index.html
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• The total science productivity from the Subaru Telescope seems (very 
sadly) gradually decaying. 

• The science productivity of the solar system science using Subaru is, 
• although slowly, rather increasing. 

This trend means that Solar system science become more popular and 
important in Subaru community. I hope. 



What I want to say here is,

Each Subaru user has important role for getting more 
observation nights of Subaru. 

•Submit more proposals ! 
•Publish more papers !



Solar system sciences with Suprime-Cam (SC) 
or Hyper Suprime-Cam (HCS) during 20 year 

observation

Why I talk only Solar system sciences  
with SC or HCS ? 

Because I have no experience to use other instruments of Subaru.

• I will introduce my own researches that used only the open-use time. 
• Kawakita, Ootsubo, Glenn Orton … will present other researches that used 

other instrument (IRCS, HDS, COMICS). 
• Dave Tholen will present solar system researches that used the UH time.



2000      I was a PhD. student in the first year of 
Doctor course (Kobe University). 
2003      My doctoral thesis “Size and spatial 
distributions of sub-km main-belt asteroids” 
using Subaru/Suprime-Cam data 

My research carrier started with Suprime-Cam. 
Most of my researches were done by Suprime-Cam 
and will be continued with Hyper Suprime-Cam. 

Suprime-Cam 
(SC)

Hyper Suprime-Cam 
(HSC)

Subaru Telescope started its open-use in 2000

Research history using Subaru/
SC/HSC via the open-use



Our Research History with Subaru/SC/HSC
Size distribution of Main Belt Asteroids since 2001

Size distribution of Jupiter Trojans since 2005

Color distribution of small bodies since 2007 

Yoshida, F., et al., First Subaru Observations of Sub-km Main-Belt Asteroids, PASJ, 53, L13 (2001) 
Yoshida, F., et al., Size and Spatial Distributionsof Sub-km Main-Belt Asteroids, PASJ, 55, 701 (2003) 
Yoshida, F., &Nakamura, T., Basic nature of sub-km main-belt asteroids: their size and spatial distributions , AdSpR, 33, 1543 (2004) 
Terai, T., &Itoh, Y., Size Distribution of Main-Belt Asteroids with High Inclination , PASJ, 63, 335 (2011)

Yoshida, F., &Nakamura, T., Size Distribution of Faint Jovian L4 Trojan Asteroids , AJ, 130, 2900 (2005) 
Nakamura, T., &Yoshida, F., A New Surface Density Model of Jovian Trojans around Triangular Libration Points , PASJ, 60, 293 (2008) 
Yoshida, F., &Nakamura, T., A Comparative Study of Size Distributions for Small L4 and L5 Jovian Trojans , PASJ, 60, 297 (2008) 
Yoshida, F., &Terai, T., Small Jupiter Trojans Survey with the Subaru/Hyper Suprime-Cam , AJ, 154, 71 (2017)

Yoshida, F., &Nakamura, T., Subaru Main Belt Asteroid Survey (SMBAS) - Size and color distributions of small main-belt asteroids , P&SS, 
55, 1113 (2007) 
Lin, H.-W., Yoshida, F., Chen, Y.-T., Ip, W.-H., &Chang, C.-K. A search for subkilometer-sized ordinary chondrite like asteroids in the main-
belt , Icarus, 254, 202 (2015) 
Sakugawa, H., et al., Colors of Centaurs observed by the Subaru/Hyper Suprime-Cam and implications for their origin , PASJ, 70, 116 
(2018) 
Terai, T., et al., Multi-band photometry of trans-Neptunian objects in the Subaru Hyper Suprime-Cam survey , PASJ, 70, S40 (2018)

Lightcurves of small bodies since 2011 
Dermawan, B., Nakamura, T., &Yoshida, F., Subaru Lightcurve Observations of Sub-km-Sized Main-Belt Asteroids , PASJ, 63, S555 (2011) 
Nakamura, T., Dermawan, B., &Yoshida, F., Sphericity Preference in Shapes of Sub-km-Sized Fast-Rotating Main-Belt Asteroids , PASJ, 
63, S577 (2011)

Size distribution of Hildas since 2018
Terai, T., &Yoshida, F., Size Distribution of Small Hilda Asteroids , AJ, 156, 30 (2018)

Yoshida, F., et al., A comparative study of size frequency distributions of Jupiter Trojans, Hildas 
and main belt asteroids: A clue to planet migration history , P&SS, 169, 78 (2019)

Only open-use time

https://ui.adsabs.harvard.edu/abs/2001PASJ...53L..13Y
https://www.naoj.org/Observing/Proposals/Publish/%20https://ui.adsabs.harvard.edu/abs/2003PASJ...55..701Y
https://ui.adsabs.harvard.edu/abs/2004AdSpR..33.1543Y
https://ui.adsabs.harvard.edu/abs/2011PASJ...63..335T
https://ui.adsabs.harvard.edu/abs/2005AJ....130.2900Y
https://ui.adsabs.harvard.edu/abs/2008PASJ...60..293N
https://ui.adsabs.harvard.edu/abs/2008PASJ...60..297Y
https://ui.adsabs.harvard.edu/#abs/2017AJ....154...71Y
https://ui.adsabs.harvard.edu/abs/2007P&SS...55.1113Y
https://ui.adsabs.harvard.edu/abs/2015Icar..254..202L
https://ui.adsabs.harvard.edu/abs/2015Icar..254..202L
https://ui.adsabs.harvard.edu/#abs/2018PASJ...70..116S
https://ui.adsabs.harvard.edu/#abs/2018PASJ...70S..40T
https://ui.adsabs.harvard.edu/abs/2011PASJ...63S.555D
https://ui.adsabs.harvard.edu/abs/2011PASJ...63S.577N
https://ui.adsabs.harvard.edu/#abs/2018AJ....156...30T
https://ui.adsabs.harvard.edu/#abs/2019P%26SS..169...78Y/abstract
https://ui.adsabs.harvard.edu/#abs/2019P%26SS..169...78Y/abstract
https://ui.adsabs.harvard.edu/#abs/2019P%26SS..169...78Y/abstract


The first small body survey with SC
In its very first phase, SC has only 8 CCDs. 
FOV: 27’x 27’

27 arcmin

27
 a
rc
m
in

Observation date : 2000 June 12 at 14h26m (UT) 
During a part of a Suprime- Cam testing run 
Obs pointing : R.A. = 20h10.m0 and Dec. = -16◦45′ 

                                         near the ecliptic plane  
Filter : V 
EXP time : 5 min 
Two images of the same field were taken with the 
time interval of 9 min. 

0.2 deg2 survey with only two visits

L14 F. Yoshida et al. [Vol. 53,

Fig. 1. Two detected asteroids from Subaru Suprime-Cam observa-
tions. Moving objects appear as pairs of black-and-whites dots, since
the second image was subtracted from the first one. The black rim
attached to each star was caused by the telescope guiding error dur-
ing the two exposures. The field-of-view of this figure is 2.′5 × 2.′5.

3. Daily Motion and Photometry

To estimate the daily motions of the detected mov-
ing objects, we picked up from each chip about
10 stars that have entry in the USNO-A2 catalog
⟨http://tdc-www.harvard.edu/software/catalogs/ua2.html⟩.
Positional measurements of those stars were made with the
APPHOT task in IRAF. The position for each moving object
was also measured relative to the catalog stars for both the
first image and the second one, and the apparent velocity for
the object was calculated. The centroiding error of each object
was much smaller than the seeing size.

We made a simulation using a two-body ephemeris generator
to deduce any statistical relation between the semi-major axis
(a) of asteroids and their apparent daily motions. It was found
that the motions of all the detected moving objects were con-
sistent with those for MBAs, though it was difficult to surely
distinguish MBAs from NEAs.

However, considering that the number of already discov-
ered MBAs (approximately one hundred thousand) is al-
most one hundred times larger than the total number of
other small bodies, including NEAs (nearly a thousand)
⟨http://cfa-www.harvard.edu/iau/lists/Unusual.html⟩, it is very
unlikely that our detected moving objects include a consider-
able number of objects other than MBAs, by chance. In fact,
given the expected number of non-MBA objects in our observa-
tions (∼ 27/100 = 0.27), the Poisson statistics teaches us that
the probabilities for our result to include one or two of non-
MBAs by chance are 0.20 or 0.03, respectively. This means
that 27 objects detected in this observations are substantially
all MBAs. We have also confirmed that those moving objects
are all new by referring to the asteroid database of the CBAT’s

Table 1. Summary of the asteroids detected in this observation.

Asteroid Chip Apparent motion Apparent mag. Absolute mag.
number No. (arcmin/day) (mag) (mag)

1 2 5.93 23.13 18.86
2 2 9.21 21.40 17.13

3 3 (7.0) (23.5) (19.2)
4 3 7.03 22.96 18.69
5 3 3.15 20.84 16.57
6 3 3.66 19.02 14.75
7 3 4.51 22.64 18.37
8 3 6.55 23.19 18.92

9 4 5.38 22.24 17.97
10 4 3.38 21.98 17.71
11 4 (5.5) 22.75 18.48
12 4 (6.8) (24.0) (19.7)

13 5 4.86 19.30 15.03
14 5 7.18 23.06 18.79
15 5 6.10 22.27 18.00
16 5 6.04 19.76 15.49
17 5 1.29 21.08 16.81

18 6 7.08 23.80 19.53

19 7 7.86 23.37 19.10
20 7 4.60 19.38 15.11
21 7 8.05 20.74 16.47

22 8 6.11 23.69 19.42
23 8 4.64 18.77 14.50
24 8 5.55 21.91 17.64
25 8 (6.2) 21.98 17.71
26 8 (3.6) 18.95 14.68
27 8 6.75 20.72 16.45

Note. The values in parentheses are low-accuracy data.

Miner Planet Service.
We now describe here a photometric reduction of our ob-

servations. Again, the APPHOT in IRAF was used to con-
duct aperture photometric measurements. For some reasons,
we needed to follow the reduction procedures mentioned be-
low. First, we could not have any chance to observe photo-
metric standard stars separately but, instead, had to use back-
ground stars in the asteroid images for photometric calibra-
tion, because the observations were performed as a part of a
Suprime-Cam test run. For the magnitude range of the de-
tected asteroids (V ∼ 19–24 mag), the only available star cat-
alog was USNO-A2. Moreover, this catalog gives only B-
and R-magnitudes, whereas our observations were made in
the V-band. Because of this band mismatch, we assumed, as
an inevitable compromise, an average (V − R) for the back-
ground stars, whose average value was derived from popula-
tions of stars with known spectral types. Namely, we adopted
an averaged value (V − R) ∼ +0.37, which was calculated
from the color frequency distribution for photometric standard
stars observed over the whole sky (Landolt 1983; Mermilliod,
Mermilliod 1994). By applying this color correction, we sup-

We found 27 moving objects. 
The magnitude range was V=19~24 mag.

2.5’

2.5’

SC can detect a lot of  faint moving 
objects at the same time.

Dr. Tsuko 
Nakamura’s 

idea
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pose that the observed V -magnitude for each asteroid can be
tied to the R-magnitude of the USNO-A2 catalog, at least ap-
proximately. In this way, the magnitudes of the detected as-
teroids were found to range from 18.8 through 23.8 in V -band
(see table 1). It is inferred that thus-obtained V -magnitudes
of the asteroids can bear an error (σc) of ∼ 0.27, which is the
standard deviation of (V − R)s for various spectral types from
the above mean (V − R). In addition, the USNO-A2 catalog
notifies us that each catalog star has a magnitude error (σm) of
0.25 on the average.

Next, we estimate the absolute magnitudes (H ) or, equiv-
alently, the sizes for the observed asteroids. In order to cal-
culate H -magnitude of an asteroid, we need to know its dis-
tance, since H -magnitude and the apparent V -magnitude are
connected by the following relation:

H = V − 5log(∆ · r) − p(α) − δV, (1)

where ∆ and r stand for the geocentric and heliocentric dis-
tances (in AU), respectively, p(α) is the phase function (α:
phase angle, namely Earth–asteroid–Sun angle), and δV is the
light variation.

To calculate r or ∆, we must know the semi-major axis (a)
and eccentricity (e) of each asteroid. However, it is surely im-
possible to obtain e from such a short orbit-arc as in this ob-
servation, though a can be estimated with an error of ∼ 0.1 AU
from the apparent daily motion if the asteroid is near oppo-
sition (Yoshida, Nakamura 2000). They also showed through
extensive model calculations that, under the assumption of e= 0
(or r = a) for all of the asteroids, the slope of the cumulative
size distribution can be determined with an error of 0.1 or so.
Hence, an assumption of r = a was also taken in this work.
Practically, we hypothesized here that all of the detected aster-
oids were located in the middle of the main belt (∼ 2.7 AU).
This is because, for our observations (41◦ off opposition), the
correlation between the daily motion and a was not so good as
near opposition. How this seemingly crude assumption placed
here on the a of the observed asteroids affects the resulting size
distribution is discussed later.

4. Results

Table 1 summarizes the measured daily motions,
V-magnitudes and H-magnitudes of the 27 moving ob-
jects. In converting V-magnitude to H-magnitude using
equation (1), we adopted the phase function (with α = 14◦

for the observation date) corresponding to the photometric
slope parameter, G = 0.15, which is the widely used value
for the majority of asteroids (Ephemerides of Minor Planets
for 2001). From these H-magnitudes, one can calculate the
corresponding diameters by assuming an appropriate albedo.
Before doing this, however, let us estimate the overall error
(σ ) contained in the H-magnitude.

The σ consists of several component errors discussed in the
previous section, and the error breakdown is expressed by

σ 2 = σ 2
o + σ 2

c + σ 2
m + σ 2

v , (2)

where σo is the error caused by the assumptions that a = 2.7AU
and e = 0 for all of the observed asteroids. We found σo ∼ 0.63
by an orbital simulation for an ensemble of the MBAs with

Fig. 2. The differential (white-box histogram) and cumulative (black
and white dots) H -magnitude distributions for our observed asteroids.
The diameter (logarithmic) scale in the upper abscissa was calculated
from an empirical relation: logD = 3.65 − 0.2H . The solid line was
least-squares-fitted to the black dot points. As for the error bars,
see text. The dashed line is drawn only to represent the slope for
the past systematic surveys (i.e., Palomar–Leiden and Spacewatch).

realistic ranges of a and e.
As for the light variation error (σv), nothing can be known

for our asteroids, since the observation time was only 10 min.
Therefore, we inferred it by regarding σv as a mode value for
the distribution of the peak-to-bottom light variation amplitude
of asteroids (Yoshida 1999). The resulting σv is 0.25.

Since other errors, like σc and σm, were already estimated in
section 3, we can obtain the σ from equation (2) as (0.632 +
0.272 + 0.252 + 0.252)1/2 = 0.77. It should be noted that this
value is for a single asteroid. If there are n asteroids in a H -bin
of figure 2, the error for this bin should be σ/

√
n.

Figure 2 shows the differential (white-box histogram) and
cumulative (black and white dots) H -magnitude distributions,
drawn based on table 1. The two asteroids whose measured
magnitudes are fairly uncertain because of partial overlapping
with stars are omitted in figure 2. The error bar attached to each
dot is σ/

√
n for the above σ = 0.77. The diameter (D) scale in

the upper abscissa was calculated from the lower H -magnitude
scale for the averaged albedo of C- and S-type asteroids, that
is, using an empirical formula logD (km) = 3.65 − 0.2H . One
can see from the formula that the faintest asteroid in table 1
corresponds to a diameter of about 550 m.

Next, we examine the slope of the cumulative size distribu-
tion in figure 2. Near the limiting magnitude, it is possible
that some fraction of very faint asteroids escaped visual de-
tection. To take into account this possible detection failure, a
straight-line slope was fitted by a least-squares method only for
the asteroids indicated by filled (black) dots, which are at least
1.5 mag brighter than the detectable magnitude. The slope of
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Predictions by 
Palomar‒Leiden and 
Spacewatch surveys Our results

Yoshida, F., et al., First Subaru 
Observations of Sub-km Main-Belt 
Asteroids, PASJ, 53, L13 (2001)

• The slope of the cumulative size distribution for small MBAs is 1.0 +/- 0.3.  

• This slope is fairly smaller than that obtained in the past observational surveys for asteroids 
larger than a few kilometers (~ 1.75). 

This was just a test survey. However we felt almost certain that 
the size frequency distribution (SFD) of sub-km MBAs is 

quite different from large MBAs.

The slope is 
shallower than past 
predictions.

https://ui.adsabs.harvard.edu/abs/2001PASJ...53L..13Y
https://ui.adsabs.harvard.edu/abs/2001PASJ...53L..13Y
https://ui.adsabs.harvard.edu/abs/2001PASJ...53L..13Y


The shallow slope of the SFD curve of the small 
MBAs was confirmed

Yoshida, F., et al., Size and Spatial Distributionsof Sub-km Main-Belt Asteroids, PASJ, 55, 701 (2003)

9 CCD chips

SC has 9 CCDs. Still not complete shape    FOV: 0.23deg2

Observation date : Feb. 21 and 24, 2001 
Obs pointing : R.A. = 10h 22m and Dec. = +10◦20’′ 
                                         near ecliptic area near opposition  
Total survey area :~2.97deg2  

EXP time : 7 min 
Detection limit : 24.4 mag(R) 

704 F. Yoshida et al. [Vol. 55,

Fig. 1. Moving objects detected in each one of the CCD images in the WF and DF surveys. (a: left) Only some trains of black-and-white dots identified
as asteroids are indicated by shaded lines for clarity. Actually fifteen moving objects were detected in this 2K× 4K chip. Black-white-black dots appear
fairly separated because of long exposure intervals (∼ 55 min). Field stars and galaxies appear as slightly shifted groupings of black-white-black dots,
due to the telescopic guiding error during the three exposures. (b: right) Twenty-three detected moving objects were included altogether in this image.
They appear as black-and-white straight bars because of short exposure intervals (∼ 11 min). Field stars and galaxies appear as black images. Up is north
and left is east in these images. All moving objects moved from left to right (due to retrograde motions near the opposition).

than EKBOs and we used a special technique, that is, the
black-and-white image composite method. Since we combined
multiple images to detect moving objects, the mean sky fluctu-
ation was increased to 1.8–2.0σ (σ : standard deviation of the
sky brightness variation for a single exposure image) for 3-
exposure composites and to 2.9–3.3 σ for 11-exposure ones.
Considering that the variation of the sky brightness follows
photon statistics (namely, Poisson or Gaussian statistics), the
detection probability of a star with the peak intensity of 1 σ

was calculated to be 68.3%, and 95.5% for the 2σ -peak, 99.7%
for the 3σ -peak, respectively (Meyer 1975) for single-exposure
images. Hence, this can be interpreted as meaning that the
objects barely seen in 3-exposure composite images with a
sky of 1.8–2.0 σ have 92.8–95.5% detection probability, and
99.6–99.9% probability for those in 11-exposure composites
with 2.9–3.3σ . In other words, we may safely say that all of
the detected asteroids in our composite images can be found
in single exposure images with probabilities higher than 90%.

No. 3] Size and Spatial Distributions of Sub-km Main-Belt Asteroids 705

Fig. 2. Example of simulated asteroid-trails superimposed on a
composite Suprime-Cam image. The magnitude difference between
adjacent artificial trails is 0.2 mag. The length of trails is characterized
by an average motion for middle-belt asteroids during a 7 min exposure
time and by a mean seeing size for the observed night.

This is a quantitative basis for detecting moving objects in
SMBAS.

The next step is to determine the limiting magnitude for
trailed asteroids in the black-and-white composite images that
we made. For this purpose, we conducted simulation experi-
ments using the mkobjects task of IRAF. We first produced
a stellar image with the FWHM of an average seeing-size for
the observed night; we then made its slightly shifted image,
added the two, and continued the process to give a train of
superimposed stellar images; this was done to mimic the trailed
images of asteroids. We assumed a mean apparent motion for
mid-belt asteroids (14′ d−1) with a trail length corresponding
to a 7-min exposure time. Then, series of trails of different
brightness with a 0.2-mag step (covering about 4 mag span)
and with a fixed separation were output randomly in location
on the black-and-white composite images (see figure 2). The
left-most trail in each series was the brightest one. By a careful
eye-inspection, we measured the magnitude of the discernible
faintest trail with 0.1 mag accuracy, relative to the brightest
one.

In practice, because the overlapping of some parts of the
trails with background stars and galaxies often occurred, we
had to attempt many series of trails. Among them, we picked
up 87 cases in which the brightest and faintest discernible trails
could be safely measured, and plotted a percentage detection
frequency of the faintest trails as a function of the magnitude
(in figure 3). The origin of the magnitude in the abscissa is
arbitrary. By measuring the magnitude differences between
the brightest trail and some nearby photometric standard stars
using asteroid trails as a mediator, we connected the abscissa to
the standard magnitude system. One can see that the detection
probability in figure 3 changes from 100% to 0% over a
magnitude range of 0.8–0.9. This is in good agreement with
the trend in figure 4 of Millis et al. (2002).

Here, we adopted a 90%-perfect detection level in figure 3
as the limiting magnitude in SMBAS. This magnitude corre-
sponds to 24.4 mag in the R-band. Note that the limiting

Fig. 3. Trail detectability as a function of the magnitude. The ordinate
shows what fraction of trailed asteroids can be visually detected at a
given magnitude, relative to the brightest trail. The origin of abscissa
is arbitrary.

Fig. 4. Apparent motions along the ecliptic longitude and the latitude
of moving objects detected in SMBAS. One can see not only MBAs
but also a considerable number of Hilda and Trojan asteroids.

magnitude is for mid-belt MBAs with their typical motions,
not for stars (namely point sources).

4.3. Positional Measurements of Moving Objects

The position for each moving object was measured again
with IRAF-apphot relative to about ten USNO-A2 stars2 that
we picked up on the same frame. The apparent velocity for
each object was calculated from its position using all of the
exposure images. Figure 4 shows the apparent daily motions
along the ecliptic longitude and the ecliptic latitude for moving
objects detected in SMBAS. From figure 4, we can easily
distinguish between the MBAs and other groups of moving
objects by their motions. We discuss only MBAs in the next
section, because our interest focuses on small asteroids in the
main-belt in this paper.

2 See ⟨http://tdc-www.harvard.edu/software/catalogs/ua2.html⟩.
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Fig. 10. The HR-distribution of MBAs detected in SMBAS in
the whole main-belt. The white-box histogram is the differential
HR-distribution and dots with error bars stand for the HR-CSD. The
solid line was drawn to compare with the slope (b ∼ 1.75) of the CSD
from the PLS and Spacewatch surveys. The upper abscissa represents
the diameter corresponding to the mean albedo between C- and S-type
asteroids.

Spacewatch (Jedicke, Mefcalfe 1998) and SDSS (Ivezić et al.
2001) projects ascertained that the slope of the CSD for small
MBAs is shallower than previous estimates and cannot be
represented by a simple power-law. We can easily confirm
their conclusions in figure 10. For a quantitative comparison
with the past results, we attempted to obtain the b for our data
with a least-squares method.

By assuming a mean albedo for known C- and S-type MBAs
for equation (2), the best-fit value of the b for the asteroids
with 0.5km < D < 1km (corresponding to 18.3 < HR < 19.8)
was found to be 1.18 ± 0.03. Remember, however, that we
derived this value for the 90%-complete data at the limiting
magnitude. We therefore re-calculated the cumulative number
corresponding to the 100%-completeness based on figure 3,
by multiplying a factor of 100/90, and found a slope of
1.19 ± 0.02 for the 100%-detection through a least-squares
fitting. All of the slopes described below represent those for
100%-detection. Hence, even for 100%-detection statistics,
we conclude that our b-value (1.19) is much shallower than
those for PLS and Spacewatch surveys, and even shallower
than that for SDSS (Ivezić et al. 2001), implying that the past
number estimates of km- to sub-km MBAs extrapolated based
on the number of large MBAs (D > 5km) was definitely over-
estimated.

7.4. Size Distributions for Three Zones of the Main-Belt

In this subsection, we consider how CSDs change depending
upon their locations in the main-belt. For the purpose, we parti-
tioned the main-belt into the inner, middle, and outer zones,
defined by 2.0 < a < 2.6, 2.6 < a < 3.0, and 3.0 < a < 3.5AU,
respectively. This division is conformable to that for the
previous surveys: Yerkes–McDonald survey (YMS), PLS, and

Table 5. Limiting HR-magnitudes of asteroids for three zones in the
main-belt.

Belt zone Inner Middle Outer

a (AU) 2.6 3.0 3.5
HR (mag) 21.4 20.6 19.8
D (km) 0.23 0.34 0.49

Spacewatch survey. Since the limit of the detectable magnitude
becomes brighter along with the increase of an asteroid’s helio-
centric distance, it is important to take such a distance effect
into account when we examine the CSD of MBAs for each
zone of the main-belt. The limiting HR-magnitudes for each
zone were calculated here at the farthest position of each
zone, namely 2.6, 3.0, and 3.5 AU, with equation (1) and the
detectable limiting magnitude discussed in subsection 4.2; they
are listed in table 5. Note that the values of HR or D given in
table 5 are those corresponding to 90%-complete detection for
SMBAS.

The HR-differential distribution (histograms) and the HR-
cumulative distribution for each zone (symbols with error bars)
are shown in figure 11. The inner-, mid-, and outer-MBAs are
respectively represented by blue, black, and red colors. The
vertical dashed-lines show the HR-limiting magnitude for each
zone (see table 5). It seems that, for asteroids with HR !15–16,
the slope of the CSD for the outer region (red open circles) is
apparently gentler than that for the inner region (blue crosses).
However, when seen more in detail, we recognize that the slope
of the CSD changes continuously with the HR-range for any of
three zones. Thus, we calculated the local slope values as a
function of HR , and then drew them in figure 12. In figure 12,
the connected crosses, triangles, and open circles, respectively,
show the changing nature of the CSD slopes for the inner-,
mid-, and outer-MBAs. For asteroids with HR ! 17.5, it is
obviously seen that the slopes of the CSDs become systemati-
cally gentler in the order of the inner-, middle-, and outer-belt.
Hence, one can easily expect that such a trend should have
some physical implications. On the other hand, for asteroids
with HR < 17.5, the slopes change largely, particularly for the
middle-belt. We consider that this behavior may be an artifact
caused by small sample statistics.

Now we focus on the CSD slopes of sub-km MBAs ranging
from 0.5 km to 1 km in diameter in each zone; we are
especially interested in this size region, since it has never
been observed systematically before. The discussion of those
MBAs is adequately meaningful, because the number of MBAs
detected in SMBAS is large enough to deal with it statis-
tically, and SMBAS detection of MBAs is nearly complete
down to D ∼ 0.5km in the whole main-belt (see table 5).
To grasp the slope change within this narrow size-range
quantitatively, we examined the b of the CSD for the MBAs
with 0.5km < D < 1km by a least-squares fitting. The thus-
calculated slopes of the CSDs for the three main-belt zones
were found, respectively, to be 1.37 ± 0.03, 1.15 ± 0.03, and
0.98± 0.03 (see table 6). From these results, one can see that
even for a sub-km size region, there is a clear zone-dependence
of the CSD slopes.

N(>D)∝D-1.75

N(>D)∝D-1.2
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value of bL4 = 2.0˙0.3 for 4 km< D < 40 km.
Regarding L5 Trojans, the observed sky field near oppo-

sition on the ecliptic was located at 22ı in longitude behind
the L5 point (the trailing side of Jupiter). The surveyed area
amounted to ! 4 deg2, in which we detected 55 Trojans with
D > 2 km. By applying the same data reduction and anal-
ysis method that we adopted for L4 Trojans (YN2005) to those
objects, we obtained that the mean slope bL5 = 2.1 ˙ 0.3 for
2 km < D < 5 km; the surface number density with D > 2 km
is 13.8˙1.9 deg"2 (Yoshida & Nakamura 2008).

In general, the sky number density is higher in a region
closer to the Lagrangian points, as shown in figure 3 of JW2000
or a spatial distribution of known Trojans.1 However, as
described in the previous paragraphs, our survey showed that
the L5-Trojan sky field, which is closer to the L5 point (22ı)
than in the case of L4 Trojans (32ı), gave a lower surface
density of 13.8 deg"2. This may be regarded as being an indi-
cation of a population asymmetry between L4 and L5 Trojans;
it can be confirmed if we calculate the total populations using
an appropriate surface density model.

3. Characteristics of Trojan Motions around L4 or L5
Point

In estimating the total number of L4 Trojans, JW2000 fitted
an isotropically symmetric Gaussian form function to their
observed data. However, considering the orbit of each Trojan
around the L4 or L5 point, which is far from a simple circular
orbit, the model by JW2000 obviously seems to be too crude.
Therefore, we pursue here a more realistic surface density
model by considering the shape of the librational orbits of the
Trojans.

For the motions of Trojans around the triangular libra-
tion points with respect to Jupiter, it is well-known that they
follow “tadpole” orbits (Murray & Dermot 1999). In fact,
a positional plot of actual Trojans at an epoch of time shows
a distribution elongated toward the longitudinal direction,
in particular away from Jupiter [see the website for Central
Bureau of Astronomical Telegrams (CBAT) of IAU].

We first computed the orbital motions of 970 known L4
Trojans using their orbital elements (as of 2005 March),
provided by CBAT. An extrapolation integrator was used for
the Trojan orbital motions, with the positions of 9 planets
from DE 200 ephemerides. Figure 1 shows a sky plot of those
objects at the time when the L4 point was at opposition on 1996
September 12. The longitude and latitude in the diagram were
measured relative to the L4 point. In calculating the ephemeris
of the L4 point, we assumed that the mean anomaly of the
L4 point is 60 .ı0 larger than that for Jupiter, and other orbital
elements for the L4 point are the same as those for Jupiter.
Although it is unclear whether this definition of the L4 point
can be most appropriate or not, we assumed it since the exact
concept of the L4 libration point does not exist theoretically
any more in cases other than the circular restricted three-body
problem (Szebehely 1967). One can see in figure 1 that the
longitudinal distribution is asymmetric, namely trailed in an
easterly direction in the same way as do the orbits of individual

1 hhttp://cfa-www.harvard.edu/iau/lists/InnerPlot.htmli.

Fig. 1. Sky plot of the positions in ecliptic coordinates for 970 known
L4 Trojans at the opposition of 1996 September 12.

objects around the L4 point, while the north–south distribution
is symmetrical.

The next step to be done is to derive some empirical distri-
bution model by fitting an appropriate analytical function to
the Trojan distribution, like figure 1. In such an approach,
one point that we should be careful of is that a distribution for
the number of a thousand or so (970) Trojans at a single opposi-
tion inevitably suffers from a nonnegligible variation from one
opposition to another, caused by both the complex motion of
Trojans due to planetary perturbations and the fluctuations due
to the small-number statistics. To alleviate this problem, we
computed the positions of the 970 Trojans at ten different oppo-
sitions from 1996 to 2007 (approximately covering an orbital
period of Jupiter, with the mean epoch being nearly equal to
our survey time), and produced a combined distribution from
them, corresponding to the distribution of 9700 objects. This
averages out the statistical fluctuation and makes the resulting
distribution more stable and robust.

Theories are still unknown that analytically describe the
spatial or surface density distribution of Trojans as a whole.
Therefore, we may specify an arbitrary empirical function
to the distribution provided by the dynamical simulations
mentioned above.

Nevertheless, it is preferable to adopt a simpler distribution
function with a smaller number of free parameters involved in
the function in question. Then, we can fit the observed surface
density values at a fewer sky points to the model function. In
doing so, it is advantageous for us to adopt model distributions
consisting of separable functions of L and B , where L and
B represent the ecliptic longitude and latitude relative to the
L4 point. If a distribution function is separable in terms of L
and B , we can fit it to the marginal distributions generated in
dynamical simulations; a marginal distribution means a one-
coordinate distribution in which another coordinate is summed
up over the possible range of the coordinate.

Figure 2 represents a histogram of the marginal distribution
in latitude for the above 9700 L4-Trojans, with a bin size of
two degrees; B = 0ı corresponds to the ecliptic. One can see
that the distribution is fairly close to the Gaussian, and thus the
functional form proposed by JW2000 is justified, at least for
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Fig. 2. Latitudinal (B-) marginal distribution of 9700 Trojans. The
histogram was composed of positions of 970 Trojans at 10 oppositions.

Fig. 3. Longitudinal (L-) marginal distribution of the same objects as
in figure 2. The dotted curve shows the least-squares-fitted one of the
equation (1) with L0 = 38ı , s = 28ı: 0, t = 11ı: 9, and k = 2.

the latitudinal marginal distribution.
On the other hand, figure 3 shows a histogram of the

marginal distribution in longitude. L = 0ı corresponds to the
L4 point. We first notice that the position for the maximum
number density does not coincide exactly with L = 0ı, but is
shifted by a few degrees. This is likely due to the specific defi-
nition made for the mean anomaly of the L4 point mentioned
above, though this shift does not affect our model construc-
tion sensibly. It is easily seen that the distribution is far from
a simple Gaussian one, but is trailed toward the eastern longi-
tude.

4. Maxwellian-Gaussian Model

Hence, after some considerations, we eventually adopted
the following model function for the surface number density
n.L;B/:

n.L;B/ = AŒ.L + L0/=s!k

!expŒ".L + L0/2=2s2! exp."B2=2t2/; (1)

where the coefficient A, s and t , L0, and k are parameters
of the model distribution. The term Œ.L + L0/=s!k represents
skewness, which has never been considered in previous papers.
In practical cases, where we have surface density data just for
a few sky points, it is reasonable for us to fit the values of s, t ,
L0, and k to the simulated distributions, like figures 2 and 3,
and to leave only A as a free parameter to be determined by the
observed surface number density.

By a least-squares fitting to the marginal distributions of
figures 2 and 3, we obtained that L0 = 38ı, s =28 .ı0, t =11 .ı9,
and k = 2:1. As for the last parameter (k), k = 2:0 also seemed
to give a satisfactory fit, nearly as good as the case of k = 2:1;
k = 2:0 is the same form (in terms of L) as a well-known
Maxwell distribution for the motions of free gas particles, and
is the simplest expression to represent skewness. Considering
that the statistical noise is inevitably included in the simulated
data, like the histogram of figure 3, and that equation (1) is
empirical after all, we judged that k = 2:0 is better because
of its familiarity and simplicity. Therefore, we adopted here
k = 2:0 and refitted equation (1) to the histogram in figure 3,
whose result is drawn as a dotted curve in figure 3.

5. Total Population Estimates

The total population, N , can be calculated by

N =
Z L2

L1

Z B2

B1

n.L;B/dLdB; (2)

in which k = 2:0, L0 = 38ı, s =28 .ı0, and t =11.ı9 for n.L;B/
in equation (1). Practically, the integration (2) is conducted
by summing n.L;B/ over the possible ranges of .L1;L2/ and
.B1;B2/, where Trojan asteroids exist.

Before showing the results with equation (2), we first
mention the total number estimates of Jupiter Trojans using
the Gaussian model. JW2000 calculated the total population
(N ) of the L4 Trojans with D > 2 km to be NL4 # 1:6 ! 105.
On the other hand, by adopting the same Gaussian model (we
actually read the scale of the surface density graph of figure 3
in JW2000), in combination with our observed surface number
density of n.+32ı; 0ı/ = 14.7 deg"2 for L4 Trojans (D >
2 km), we obtained NL4 = 2.4!105. We would say that both
values are essentially consistent, because the observed surface
number density of small bodies in the solar system can some-
times differ by several tens of percent or so, depending on loca-
tions of the surveyed sky.

We now estimate the L4 Trojan total population (N
0
) for

the YN2005 data with the Maxwellian-Gaussian model (1)
proposed here. Since A in equation (1) is the only free
parameter to be determined from observations, we are ready
to estimate the total number of L4 Trojans. By fitting the
value of n.+32ı, 0ı/ = 14.7 deg"2 to equation (1), we obtain
N

0
(L4) = 6.3 ! 104 from equation (2). Similarly, from the

surface density n.+22ı; 0ı/ = 13.8 deg"2 for the L5 Trojans
(D > 2 km) obtained in section 2, we estimate N

0
(L5)=

3.4 ! 104. In this calculation we assumed the same func-
tional form for the L4 and L5 Trojan distributions, because
the stability theory of Trojan orbits predicted for conservative
dynamical systems requires no distinction between the L4 and
L5 points (Szebehely 1967; Murray & Dermott 1999).
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histogram was composed of positions of 970 Trojans at 10 oppositions.
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k = 2:0 and refitted equation (1) to the histogram in figure 3,
whose result is drawn as a dotted curve in figure 3.

5. Total Population Estimates

The total population, N , can be calculated by

N =
Z L2

L1

Z B2

B1

n.L;B/dLdB; (2)

in which k = 2:0, L0 = 38ı, s =28 .ı0, and t =11.ı9 for n.L;B/
in equation (1). Practically, the integration (2) is conducted
by summing n.L;B/ over the possible ranges of .L1;L2/ and
.B1;B2/, where Trojan asteroids exist.

Before showing the results with equation (2), we first
mention the total number estimates of Jupiter Trojans using
the Gaussian model. JW2000 calculated the total population
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values are essentially consistent, because the observed surface
number density of small bodies in the solar system can some-
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We made a model of Trojan cloud for estimating the total 
population
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Table 1. Model dependence of Trojan total populations.

Model NGauss (>2 km) NMax-Gauss (>2 km)

L4 ! 1:6 " 10 5 #

L4 (2.4˙0.38)"105 ! (6.3˙1.0)"104 "

L5 (3.4˙0.54)"104 "

# JW2000, ! YN2005, " this work.

Notice, in this paper, that the L4 and L5 total popula-
tions (N

0
s) were estimated solely from their observed surface

number densities with D > 2 km, without referring to the size
distribution slopes. Hence, we take here the Poisson fluctua-
tions as the errors in N

0
s; that is, 1.0"104 for L4 and 0.54"104

for L5, respectively. For clarity, N
0

is expressed by NMax-Gauss in
table 1.

Table 1 summarizes the total population results obtained
as mentioned above, in which NGauss (> 2 km) and NMax-Gaiss

(>2 km), respectively, stand for the Gaussian and Maxwellian-
Gaussian total populations with D > 2 km.

From this table, one can notice two important points. The
first is that, given that the Maxwellian-Gaussian model is more
realistic than a simple Gaussian one, the latter overestimates
the Trojan populations by a factor of 3–4. The second point
is that, at the size level of D > 2 km, the total population of
L4 Trojans is ! 80 % larger than the L5 Trojan population.
This finding, considering the errors given in table 1, is qual-
itatively in accord with the population-asymmetry trend seen
between bright numbered L4 and L5 Trojans, as follows. The
total numbers of L4 and L5 Trojans with H < 11.5 mag are,
respectively, 263 and 188 (in CBAT), the former population
being 40% larger than the latter. Szabó et al. (2007) claims
that L4=L5 number ratio is ! 1:6 for D > 10 km. From what

we mentioned above, we may say that the population asym-
metry between L4 and L5 swarms persists from large asteroids
to small ones (D > 2 km).

The overestimating nature of the Gaussian model can intu-
itively be explained as follows. Both surveys by JW2000 and
YN2005 observed the sky at longitudes of about 20–50 degrees
ahead of the L4 point. As we can see in figure 3, this part is
the trailing side of the distribution, so that this side has the
largest “half width at half maximum” (HWHM) of the distri-
bution compared with that of the other sides. In the same
manner, the latitudinal HWHM for figure 2 is narrower as
well. Nevertheless, JW2000 assumed an isotropic Gaussian
distribution with this largest HWHM. This is the reason why
the Gaussian total population gave an overestimated value by
a factor of 3–4.

Szabó et al. (2007) assumed an elliptical Gaussian model for
fitting the sky distribution of their Trojans, that is, a product
function of two symmetric Gaussians with different HWHMs
for L and B . We cannot directly compare our total population
estimates of Trojans with those by Szabó et al. (2007), because
they do not give the numbers explicitly and their estimates are
based on the cumulative number of known Trojans with H <
12 mag. However, it is expected that, given the same initial
conditions, their estimates should fall between those by us and
by JW2000 and YN2005, since their model is closer to reality
than the isotropic Gaussian, but not better than our model, in
which the asymmetric nature of the Trojan sky distribution is
taken into account.

Finally, we comment that the expression of equation (1),
which is the surface density distribution, can easily be extended
to the spatial distribution model, by changing L and B to x
and y, and multiplying a z-component Gaussian. In this case,
.x;y;z/ stands for the curvilinear Cartesian coordinates along
the Jovian orbit, with the origin at the L4- or L5-point.
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Fig. 1. Size distributions of L4 (top panel) and L5 (bottom) Trojans
from SMBASs. The box histograms show the differential HV distri-
bution and the crosses with error bars show the cumulative HV distri-
bution. Each upper abscissa represents the diameter corresponding to
the HV by assuming an albedo of 0.04 for reference. The solid and
dashed lines in the top panel show the best-fit slopes of b = 2.4˙0.1
for 5 km <D < 10 km and b = 1.3˙0.1 for 2 km <D < 5 km, respec-
tively. The solid line in the bottom panel shows the best-fit slope of b =
2.1˙0.3 for 2 km <D < 5 km.

that size range in our survey. Hence, we do not attempt here
to make a comparison between the L4 and L5 populations for
5 km < D < 10 km. On the other hand, for the size range of
2 km < D < 5 km, the best-fit slope of the size distribution of
L5 Trojans was found to be b = 2.1 ˙0.3. The Trojan slopes
from SMBAS-I and SMBAS-II and the past results are summa-
rized in table 1.

3.2. Overall Size Distributions

In general, a single survey observation can span only a size
range of roughly one order of magnitude; 2 km <D< 10 km for
YN2005 and this work, 4 km <D < 40 km for Jewitt, Trujillo
and Luu (2000), ! 10 km < D < ! 100 km for Szabó et al.
(2007), and 30 km <D < 140 km for cataloged Trojans. Since
such a situation is largely restricted by the detection dynamic
range of the observing systems (telescope + CCD), an overall
size distribution covering a wide range in diameter, which
is most interesting from viewpoints of the formation origin
and subsequent collisional evolution of Trojan populations,

Fig. 2. Composite cumulative size distributions of L4 (top panel) and
L5 (bottom) Trojans. In each lower abscissa the H -magnitude is
plotted, and in each upper abscissa the diameter corresponding to
the H -magnitude is shown; each ordinate stands for the cumulative
number. In the top panel, the triangles, circles, and crosses represent
the data points from cataloged L4 Trojans,2 Jewitt, Trujillo, and Luu
(2000), and SMBAS-I, respectively. The solid line shows the slope of
the cumulative size distribution obtained from SDSS data (Szabó et al.
2007). The dotted line corresponds to the slope for smaller Trojans
(2 km < D < 5 km) in SMBAS-I. The scale values for combining
are adjusted to the above distributions from three surveys and Trojan
catalog to coincide each other at H =9.7, 12.1, and 14.1 mag. In the
bottom panel, triangles and crosses represent the data points from cata-
loged L5 Trojans2 and SMBAS-II, respectively. The solid line shows
the slope obtained from SDSS data. The ordinate scale values of this
panel are adjusted to the above distributions from two surveys and
Trojan catalog to coincide each other at H = 9.7 and 16.1 mag.

must be produced by combining a few survey results into one.
For that purpose, we used here the size distributions from
SMBAS-I, SMBAS-II, Jewitt, Trujillo, and Luu (2000), and
known Trojans brighter than H = 12:3 mag (corresponding
to D ! 20 km), whose statistics is claimed to be complete
by Szabó et al. (2007) to make up an overall size distribu-
tion covering 2 km < D < ! 100 km. Figure 2 shows such
combined cumulative size distributions of L4 and L5 Trojans.

2 hhttp://cfa-www.harvard.edu/iau/lists/JupiterTrojans.htmli.
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across all sizes, consistent with the C, P, and D taxonomic
classes in the JT population.

Figure 6 shows the plot of the heliocentric distance and
absolute magnitude. The dashed line represents the apparent
magnitude of the detection limit, mr=24.4mag. To avoid a
detection bias caused by the decrease in brightness with
increasing distance from the Sun and Earth, we defined the
outer edge of JTs as r=5.5au, where mr=24.4mag
corresponds to Hr=17.4mag, and selected objects located
in the region of r- 5.5au and Hr- 17.4mag as an unbiased
sample. The extracted sample contains 481objects. Compared
with WB2015, who detected over 550JTs but only analyzed
an unbiased sample of 150 objects with HV=7.2–16.4mag
(HV is the absolute magnitude in the V band), our survey
obtained more than three times as many unbiased sample JTs.

4.2. Size Distribution

Figure 7 shows the cumulative size distribution (CSD) of JTs
in the unbiased sample as a function of H magnitude with a bin
width of 0.5mag, which is sufficiently larger than the typical
Hr uncertainty (0.2 mag). The cumulative number is
corrected by the detection efficiency as

N H
m
1

, 11
j H H j: j

å h
< =

<

( )
( )

( )

where mj and Hj are the apparent and absolute magnitudes of
objectj, respectively. The error bars are given by the Poisson
statistics.

We found that the CSD in Hr>13.0mag can be
represented by a single-slope power law, not a broken power
law as claimed by WB2015. This allows the differential H
distribution, H dN H dHS =( ) ( ) , to be fitted by

H 10 , 12H H0S = a -( ) ( )( )

where α is the power-law slope and H0 is given as H 10S =( ) .
When the CSD is expressed as

N D D , 13b> µ -( ) ( )
where N D>( ) is the number of objects larger than D in
diameter, the power-law index b is converted into α
by b 5a= .
We used a maximum-likelihood method (e.g., Bernstein

et al. 2004) for fitting Equation (12) to the H distribution of the
unbiased JT sample. The likelihood function is given by

L H e m H H, , . 14N

j
j j0 0a h aµ S-( ) ( ) ( ∣ ) ( )˜

Here Ñ is the expected number of detected objects in the
survey, which is estimated by

N dH m H H H, , 150ò h a= S˜ ( ( )) ( ∣ ) ( )

where m(H) is the apparent magnitude approximated as
H+5 rlog D( ) with r=5.2au and Δ=4.2au. Uncertainties
in the fitted parameters are estimated from repeated fitting to
synthetic object samples generated from the actual objects
based on the measurement errors.
We obtained the best-fit power-law slope of α=0.37±0.01,

corresponding to b=1.84± 0.05. This value agrees with the
result of Yoshida & Nakamura (2005), b=1.89±0.10 in
D=2–10km, as well as the faint-end slope with 0.36 0.09

0.05a = -
+

in HV=14.9–16.4mag shown by WB2015, though the
precision is highly improved compared with those studies.
The best-fit power law is plotted in Figure 7 as a dashed line.

The data are very close to the fitted line over Hr13.0mag,
indicating no evidence of the power-law break at
H 14.93V 0.88

0.73= -
+ reported by WB2015. We concluded that L4

Figure 6. Heliocentric distance (r) vs. absolute magnitude (H) for the detected
JTs. The dashed line corresponds to an apparent magnitude of 24.4mag. The
solid lines show the border of the unbiased sample, r=5.5au and
H=17.4mag. The data points shown in the figure are available as the data
behind the figure. The data used to create this figure are available. Figure 7. CSD for the 431 JTs obtained from this survey. The dashed line

shows the best-fit power-law approximation with an index of α=0.37 or
b=1.84 (see text). The data points shown in this figure are available as the
data behind the figure. The data used to create this figure are available.
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We found 
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difference of 
size 
distributions 
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Hildas and 
Jupiter 
Trojans.

m=24.4mag where the detection efficiencies achieved 50%
or more in all of the data.

Then, we defined the outer edge of the sampling range of
heliocentric distance as r=4.9au, where the limiting
magnitude of m=24.4mag corresponds to H=18.0mag.
91 objects with r<4.9au and H<18.0mag were selected as
an unbiased sample for use in exploring the size distribution.
The absolute magnitude of those objects ranges from 12.8mag
to 18.0mag, corresponding to D∼1−14km from
Equation (2), most of which have body sizes less than 3km
in diameter.

3.2. Size Distribution

We estimated the cumulative size distribution (CSD) of
Hildas using the obtained sample consisting of 91 objects. The
cumulative number of these objects with absolute magnitude
less than H, or N (<H), is corrected with the detection
efficiency function. Figure 4(a) shows the CSD of our sample
with error bars based on Poisson statistics of the cumulative
number. Although the object number is not sufficient for
precisely determining the shape, the CSD seems to have an
almost constant power-law slope over the diameter range of
∼1−10km.

We approximated the differential H distribution, Σ
(H)=dN(H)/dH, of our sample with a single-slope power
law as

H 10 , 3H H0S = a -( ) ( )( )

where α is the power-law slope, and H0 is given as Σ (H0)=1.
This distribution is also represented by cumulative number N
(>D), the number of objects larger than a diameter of Dkm, as

N D N D1 km , 4b> = > -( ) ( ) ( )
where b=5α. Power-law fitting was carried out by the
maximum likelihood method (e.g., Bernstein et al. 2004) as
Yoshida & Terai (2017) adopted. Uncertainties in the fitted

parameters are estimated from repeated fitting to synthetic
object samples generated from the actual objects based on the
measurement errors.
We obtained the best-fit power-law slope of

α=0.38±0.02, corresponding to b 1.89 0.11
0.12= -

+ . As seen in
Figure 4(a), the CSD of our sample is mostly coincident with
the best-fit power law within Poisson statistics, suggesting that
Hildas’ size distribution follows a single-slope power law, at
least in this size range.
Then, we combined Hildas’ CSDs derived from our survey

and the asteroid database published by Minor Planet Center
(MPC)3 containing 4075 Hildas as of the end of 2017, as
illustrated in Figure 4(b). As the MPC catalog shows the V-
band magnitude, the r-band magnitude of our sample was
required to be converted into the V-band magnitude. The
mV−mr color of 0.25mag was used for this conversion,
which was derived from the average color of the known Hildas
with mr<20.0mag listed in the fourth release of the SDSS
Moving Object Catalog (MOC4).4 The cumulative numbers of
our sample were scaled to that of the MPC catalog at
HV=16.0mag. In the complied CSD, no significant feature
such as a break or roll over appears; this implies a single-slope
power-law distribution over the full size range observed so far.
This may suggest that the Hilda population is in collisional
equilibrium up to nearly the largest bodies.
Figure 4(b) indicates that the Hilda population contains

∼(1.0± 0.1)×104 asteroids with D>2km. Yoshida & Terai
(2017) showed the L4 JT population larger than 2km in
diameter consisting of (3.5± 0.2)×104 asteroids. By using
the number ratio between L4 and L5 JTs presented by
Nakamura & Yoshida (2008), this is converted into the total
number of JTs with D>2km reaching (5.4± 0.5)×104.
Thus, the number ratio of Hildas to JTs is estimated be
0.18± 0.03.

Figure 4. (a) The cumulative size distribution derived from the unbiased sample consisting of 91 Hildas. The cumulative numbers are corrected by the detection
efficiency function. The geometric albedo of each object is assumed to be 0.055. The dashed line shows the best-fit power law. (b) The cumulative size distributions of
the Hilda population combined with the MPC catalog (squares) and this work (circles) scaled at HV=16.0mag which corresponds to ∼3.6km in diameter.

3 http://minorplanetcenter.net/db_search
4 http://faculty.washington.edu/ivezic/sdssmoc/sdssmoc.html

4

The Astronomical Journal, 156:30 (6pp), 2018 July Terai & Yoshida

4. Discussion

As mentioned in Section 2, our survey detected a number of
JTs in addition to Hildas. Yoshida & Terai (2017) have
revealed that the size distribution of the JT population is well
described by a single-slope power law with α=0.37±0.01
or b=1.84±0.05 from ∼2 to 10km in diameter. The size
distribution of Hildas measured with the same data set by the
present work can be also fitted by a single-slope power law
with α=0.38±0.02 or b 1.89 0.11

0.12= -
+ . The power-law slopes

of Hildas and JTs in the common size range are coincident.
For a more direct comparison, we normalized the CSDs of

Hildas and JTs at D=2km as shown in Figure 5. Note that
the geometric albedos were assumed to be 0.055 for Hildas
(Grav et al. 2012a) and 0.07 for JTs (Grav et al. 2012b). The
two CSDs are in agreement within Poisson statistics of the
cumulative numbers through the entire range. We computed the
two-sample Anderson–Darling (A–D) statistic (Pettitt 1976) for
the two CSDs to test the null hypothesis that these distributions
are identical. The value of the A–D statistic is 0.627, indicating
that the null hypothesis cannot be rejected at even 60%
significance level. Considering these results, Hildas and JTs
seem to have the same/similar size distribution shape from
2km or less to ∼10km in diameter.

At a diameter below a few tens km, these populations are not
primordial but have been likely modified by collisional
evolution (de Elía & Brunini 2007; Gil-Hutton & Bru-
nini 2008). Although the initial signature of the size
distribution of km sized objects has disappeared, we are still
able to obtain alternative information about the nature of the
asteroid population from them. The size distribution of a
mature collisionally evolved population has a steady-state
power law that is primarily determined by the impact strength
law, defined as the critical specific energy per unit target mass
required for catastrophic disruption of the target (e.g., Durda
et al. 1998; O’Brien & Greenberg 2003). The strength law is

directly linked with the internal physical properties, which
depend on the bulk composition and body structure. The fact
that the size distributions have indistinguishable shapes
indicates equivalent characteristics of body’s interior between
the two populations and thus is suggestive of a common
formation environment.
Note that, as mentioned above, Hildas’s size distribution

exhibits a steady-state power law up to the largest body size
(see Figure 4(b)), which implies that the collisional evolution is
dominated over the full size range. That seems to be not the
case with JTs because they have a clear transition at
D∼50km in power-law slope of the size distribution
(Yoshida & Terai 2017). Therefore, a comparison of the size
distributions between Hildas and JTs at large sizes is not useful
to diagnose their similarity.
On the other hand, the size distribution of MBAs is

obviously distinguishable from those of JTs and Hildas
(Yoshida & Terai 2017; Yoshida et al., submitted to P&SS).
The power-law slope and local patterns (e.g., bump, dip, or
knee) of a size distribution for a small-body population in
collisional equilibrium are primarily derived from properties of
the critical specific energy for catastrophic disruption, so-called
QD* law, following power laws with body size (Davis
et al. 2002; O’Brien & Greenberg 2003). The transition in
the power-law slope of QD* between the gravity- and strength-
scaled regimes induces a “wave” pattern in the gravity-scaled
portion of the size distribution as found in MBAs (e.g.,
Durda 1993; Campo Bagatin et al. 1994; Davis et al. 1994).
The size distributions of JTs and Hildas, however, show no
significant wavy structure. Meanwhile, the mean collisional
velocities are similar among MBAs, Hildas, and JTs (Dahlg-
ren 1998). These facts imply that Hildas/JTs have a different
QD* (or shattering impact specific energy QS as de Elía &
Brunini 2007 pointed out) law, i.e., different bulk composition
and/or internal structure, from MBAs, while the two popula-
tions appear to share the common properties. Accordingly, we
suggest that Hildas and JTs originate in the same population,
which does not correspond to MBAs.
This conclusion may lead us to infer that a major portion of

Hildas and JTs were not formed in situ, but were transported
from beyond Jupiter. Our findings are qualitatively consistent
with dynamical simulations for MBAs, Hildas, and JTs, based
on the jumping Jupiter model. Levison et al. (2009) showed
that a significant number of trans-Jovian planetesimals are
captured into the Hilda/JT orbits through gravitational
scattering induced by the migration of giant planets. On the
other hand, Roig & Nesvorný (2015) showed very low survival
probabilities of the in situ populations and minor contributions
of the implanted populations from the outer main asteroid belt
to the present Hilda/JT populations. Further theoretical and
observational studies are required for examining whether this
model can account for the size distributions of small-body
populations from Hildas to trans-Neptunian objects.
The comparable color distributions of non-family Hildas and

JTs reported by Wong & Brown (2017a) also support this
model. Although Wong et al. (2017) and De Prá et al. (2018)
pointed out a discrepancy in the visible/near-infrared spectral
properties between Hildas and JTs, this may be due to their
different surface temperatures depending on heliocentric
distance or their different resurfacing frequencies.
It is also worth noting that JTs’ size distribution has a steeper

power-law slope beyond ∼10km in diameter than that in the

Figure 5. The cumulative size distributions derived from the Hilda (circles) and
JT (diamonds) samples in our survey, both of which are normalized at 2km in
diameter. The geometric albedos are assumed to be 0.055 for Hildas (Grav
et al. 2012a) and 0.07 for JTs (Grav et al. 2012b).
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Observation date : March. 30, 2015 
Obs pointing : R.A. = 12h 33m and Dec. = -3◦0’′ 

                                         near ecliptic area near opposition  
Total survey area :~26 deg2  

EXP time : 240 sec 
Detection limit : 24.4 mag (r) 

The same  data 
set with L4 JTs by 

HSC

91 Hildas

3. Data Analysis

3.1. Image Reduction

The data are processed with the HSC data reduction/analysis
pipeline hscPipe (version 3.8.5), developed by the HSC
collaboration team based on the Large Synoptic Survey
Telescope (LSST) pipeline software (Ivezić et al. 2008;
Axelrod et al. 2010). We run only the single-frame processing,
i.e., the data processes for each exposure, including image
correction, source detection, measurement, and calibration.
First, the images are reduced by standard procedures such as
bias subtraction, trimming of the overscan/prescan regions, flat
fielding, defect removal, and sky background subtraction. Next,
the pipeline detects sources from the corrected images;
performs source measurements of centroids, shapes, and
photometry with several methods; and compares the coordi-
nates and fluxes with the matched objects in a reference catalog
for astrometric and photometric calibration. We use the SDSS
DR9 catalog with the source fluxes corrected by the data of the
Panoramic Survey Telescope and Rapid Response System
(Pan-STARRS)1 (PS1) survey (Schlafly et al. 2012; Tonry
et al. 2012; Magnier et al. 2013). The PS1 r magnitude (rPS1) is
converted into the HSC r magnitude (rHSC) using a color term
equation determined by the HSC software team as

r r r i
r i

0.00280 0.02094
0.01878 . 1

HSC PS1 PS1 PS1

PS1 PS1
2

= + + -
- -

( )
( ) ( )

Finally, hscPipe estimates the astrometric solution and
photometric zero point (in the AB magnitude system) and
creates a source catalog with the measured values (e.g.,
centroids, shapes, fluxes) for each CCD image.

3.2. Detection

We used the source catalogs produced by hscPipe for the
mechanical detection of moving objects. We developed an
algorithm allowing us to efficiently extract moving objects
from the source catalogs with the following procedures:
(i)removing suspected cosmic rays and saturated sources
based on the flags added by the pipeline processes, (ii)exclud-
ing the sources that have identical coordinates among three
visits as stationary objects, and (iii)searching for combinations
of sources from each visit whose positions have a pattern
corresponding to uniform linear motion on the sky.

For selective capture of JTs and Hildas, we limit the motion
range to be searched to cover the motion distribution derived
from orbits with an eccentricity of 0.0–0.3 and inclination of
0 –40° at the survey field, as shown by the area enclosed by the
dotted black lines in Figure 2. We regard the detected moving
objects with motion vectors located in this area as JT/Hilda
candidates. Finally, all of the images of candidate sources are
visually inspected.

The apparent velocities along the ecliptic longitude/latitude
of the detected JT/Hilda candidates are plotted in Figure 2. We
overplotted motion distributions of synthetic orbits for JTs and
Hildas randomly generated from probability distributions based
on the orbital distributions of known objects obtained from the
Minor Planet Center (MPC) database4 in Figure 2. One can see
that the detected objects are divided into two swarms and the
motion distribution well matches that of the synthetic JT/Hilda

objects. We defined the boundary between these two groups as
motions of circular orbits with a semimajor axis of 4.5au
(dashed red line). The slower group corresponding to JTs
consists of 631 objects, while the faster group corresponding to
Hildas consists of 130 objects.
In this paper, we focus on the investigation of the size

distribution of JTs. The analysis for the Hilda candidates will
be reported in another paper (T. Terai & F. Yoshida 2017, in
preparation).

3.3. Measurements

As mentioned in the previous section, hscPipe measures
various parameters of the detected sources, including centroid
positions. However, the centroid for a moving object with an
elongated shape may be inaccurate because the barycenter of
the intensity profile is sensitive to an instability of seeing and/
or transparency during the exposure. Therefore, instead of
using the hscPipe measurement, we independently determine
the center positions of the detected JTs by making a 2c fitting
of object models to the image data. The model is generated
from integration of Gaussian profiles with the center shifting
with a constant motion equal to the measured velocity, as
shown in Figure 3. The FWHM of the individual Gaussian
profile is given as the typical seeing size of the image.
Using the fixed center position, we measure the total flux of

each object by aperture photometry with the sinc-interpolation
technique developed by Bickerton & Lupton (2013). The
aperture flux is computed from a weighted sum of pixel values
over an aperture A as

f w p , 2A
i j

ij ij
,
å= ( )

Figure 2. Motions along ecliptic longitude/latitude of detected moving objects
(blue circles). The green and orange circles show the motions of artificial
Hildas and JTs, respectively, generated based on their orbital distributions of
known objects by the Monte Carlo method. The area enclosed by dotted black
lines is the motion range of our search. The dashed red line shows the boundary
between Hildas and JTs. One can see that the moving objects detected from our
survey are clearly divided into two groups : Hildas and JTs. We could pick up
JTs without contamination of Hildas.

4 http://minorplanetcenter.net/db_search
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orbits about 3.8–4.1 Gyr ago (the so-called Late Heavy Bombardment
(LHB) period; Gomes et al. 2005; Bottke et al. 2012). According to these
models, the main belt asteroids (MBAs) would consist of many kinds of
objects (e.g., dry, aqueously altered, or icy bodies) reflecting their birth
locations and subsequent radial mixing, while Jupiter Trojans (JTs)
would consist of trans-Neptunian objects captured into the Trojan clouds
during the LHB (Morbidelli et al., 2005). Although these models suc-
cessfully explain various characteristics of the current Solar System, more
detailed comparison with observations is desirable to critically constrain
previous and potentially new models. The gradation of taxonomic types
of MBAs compiled by DeMeo and Carry (2013, 2014) suggests that
various kinds of small bodies were mixed up in the main belt. Such a
variety in taxonomic and orbital types of the main belt objects is reflected
on the diversity of the near-Earth asteroids whose dynamical origin lies
largely in the main belt (e.g. Bottke et al., 2002; Stuart and Binzel, 2004;
Ito and Malhotra, 2010). Also, some main belt comets (MBCs, also called
active asteroids) show a periodical activity immediately after the passage
of their perihelion. Such activity would be caused by sublimation of
volatile material due to thermal change near the Sun. The existence of
such MBCs suggests that there are a significant fraction of icy objects in
the main belt.

Photometric observations can be used to determine color/taxonomic
(¼spectroscopic) type classification and to obtain size frequency distri-
bution (SFD) for each group of small bodies. Such population properties
and SFDs represent useful parameters in the study of radial mixing of
small bodies in the early Solar System. Since colors and spectroscopic
types reflect the surface composition of asteroids, they would provide
information on the location where these objects formed. However,
because the radial mixing caused by planet migration occurred a long
time ago, the original properties of most of asteroids’ surfaces were likely
completely altered by space weathering. Therefore, in order to use colors
and spectroscopic types as a probe to better understand this radial mix-
ing, we need precise knowledge about the details of space weathering for
each type of asteroids. Currently, we have enough knowledge about
space weathering for S-type asteroids (Sasaki et al., 2001; Clark et al.,
2002), but not for C-type asteroids. Moreover, laboratory experiments
indicate that the spectral slope would depend on grain size in the regolith
covering the asteroid surfaces (Hiroi et al., 1994, 2013; Matsuoka et al.,
2015). The grain size also turned out to have a profound influence on
polarimetric properties of asteroids (e.g. Belskaya et al., 2017; Ito et al.,
2018). Therefore, clearly more investigations are necessary to clarify
what processes mostly determine the current surface colors, textures, and
spectroscopic types of MBAs. Such investigations will help us understand
how these physical properties have been modified over the history of the
solar system. On the other hand, colors (spectra and textures) of asteroids
after their formation in the early solar system are poorly constrained, so it
is difficult to know the differences of initial and currently observed
colors. Therefore, it is insufficient to rely just on surface color, taxonomy,
or texture when addressing the radial mixing of small bodies in early
solar system.

Here, we focus on the SFDs of solar system small body populations to
better understand the nature of radial mixing that these bodies experi-
enced during planet migration. SFDs can be used to identify the origin of
a population. In particular, the SFD is mainly determined by the forma-
tion environment and later altered by subsequent collisional evolution of
the small body population in question.z Bottke et al. (2005) suggested
that the SFD of MBAs quickly evolved and that the current wavy shape of
the SFD is a fossil from a violent epoch of collisions experienced by the
asteroids (i.e., accretion phase of proto-planets). Bottke et al. (2005) also
suggested that MBAs larger than 100 km represent primordial objects
and that their physical properties were determined during the accretion
epoch, while smaller MBAs are byproducts of collisional evolution. By
comparing the SFDs of inner MBAs, Near Earth Asteroids and impactors
on Moon and Mars (based on the SFDs of their craters), Strom et al.
(2005) found that inner MBAs likely created the old lunar craters formed
about 3.8 Gyr ago (i.e. the LHB period). Strom et al. (2018) investigated

the SFD of craters with diameter of 5–300 km in various areas of Ceres
using the Dawn data. They found that the shape of the SFD is very similar
to that of SFDs of the most ancient heavily cratered surfaces on the
terrestrial planets. This means that the MBAs’ SFD over a wide size range
has not been modified significantly after the LHB period. Therefore, this
suggests that each population of small bodies in the current solar system
probably kept its SFD well preserved after the LHB. In this way, the SFD
of each small body population was established by the timing of radial
mixing that were caused by dynamical perturbations insensitive to body
size. As long as we focus on the radial mixing of small bodies caused by
gravitational perturbations by the giant planets, the SFD of each small
body population which had been established by the timing of radial
mixing is practically insensitive to dynamical environment and pertur-
bation. Therefore, the populations of the same origin are expected to
have the similar SFD just after the moment of the relocation, even if they
were re-located due to perturbations by the giant planets, for example,
during the LHB.

While, the SFD of collisional fragments (objects with diameter less
than a few tens km) provides information about the responses from
catastrophic disruption, such as their material strength and internal
structure (O'Brien and Greenberg, 2003). The populations of
fragment-sized small bodies sharing the same origin could possess the
same SFD. Also, the SFD can tell us about the different levels of collisional
evolution experienced for a given object composition (assuming that a
size dependent mechanism has not affected significantly the population,
e.g., the Yarkovsky effect). MBAs smaller than ~30 km in diameter have
probably experienced significant orbital evolution due to the Yarkovsky
effect, but Hildas/JTs or other small objects located farther from the Sun
have not been affected much, because the solar radiation is weaker. All in
all, we believe that SFDs covering a wide range of sizes is an convenient
tool to examine the radial mixing of solar system populations caused by
planet migration and to search for the origin of each population.

So far, we have investigated the SFDs of MBAs, Hildas, and JTs based
on observations using the 8.2-m Subaru telescope equipped with wide-
field CCD cameras: Suprime-Cam (SC) or Hyper Suprime-Cam (HSC)
(Yoshida et al., 2003, 2011; Yoshida and Nakamura, 2004, 2005; 2007,
2008; Yoshida and Terai, 2017; Terai et al., 2013; Terai and Yoshida,
2018). The large aperture of the Subaru telescope and the wide field of
view of SC or HSC allow us to detect small moving objects up to apparent

Table 1
Detection limit for each region from each survey.

Region or group Size detection
limit

List of references

(km)

Inner belt
(2.0< a <2.6)

0.9 Spacewatch: Jedicke and Metcalfe (1998)
0.7 SDSS: Ivezi!c et al. (2001)
0.2 SMBAS: Yoshida et al. (2003, 2011);

Yoshida and Nakamura (2007)
3.5 WISE: Masiero et al. (2011)
10 AKARI: Usui et al. (2011)

Middle belt
(2.6< a <3.0)

1.4 Spacewatch: Jedicke and Metcalfe (1998)
0.3 SMBAS: Yoshida et al. (2003, 2011);

Yoshida and Nakamura (2007)
5.0 WISE: Masiero et al. (2011)
15 AKARI: Usui et al. (2011)

Outer belt
(3.0< a <3.5)

2.3 Spacewatch: Jedicke and Metcalfe (1998)
2.9 SDSS: Ivezi!c et al. (2001)
0.4 SMBAS: Yoshida et al. (2003, 2011);

Yoshida and Nakamura (2007)
6.3 WISE: Masiero et al. (2011)
20 AKARI: Usui et al. (2011)

Hildas 1.5 Subaru: Terai and Yoshida (2018)
10 WISE: Grav et al. (2012)
30 AKARI: Usui et al. (2011)

Jupiter Trojans 2.0 Subaru: Yoshida and Terai (2017)
7.0 UH 2.2: Jewitt et al. (2000)
18 Known JTs (as of 2016 September)

a is semi-major axis in [au].
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R-plots of inner MBAs, middle MBAs, outer MBAs, 
Hildas, and Jupiter Trojans

The vertical and horizontal ranges are the same in all panels. 
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Figure 3. R-curves of inner MBAs, middle MBAs, outer MBAs, Hildas, and Jupiter Trojans. The vertical and horizontal
ranges are the same in all panels.

fig:Rcurves

SFDs of MBA:  wavy,  
a dip at D ~ 20-30 km,  
a knee at D ~ 100 km 
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Gradual change of SFDs from inner to outer solar system
8 Yoshida et al.
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Figure 4. R-curves of the five populations shown in Figure 3 are illustrated here in a single panel. Each R-curve is vertically
shifted for clarity, so that readers can better see their di↵erences and similarities.

fig:Rcurves-in-one

1979) to better illustrate the SFD of craters. When su�cient data sets are available, the R-plot provides a more
sensitive comparison between SFDs than if using cumulative plots (N / D

�b).
Strom et al. (2005) compared the SFDs between inner MBAs, NEAs, and Lunar or Martian (northern plain) craters

to identify the origin of impactors that formed these craters (see Figure 2). Using the same methodology, we compared
the SFDs between inner MBAs, middle MBAs, outer MBAs, Hildas and JTs, as shown in Figures 3 and 4. The data
for each survey were truncated at the detection limit of the survey, which was determined using the methods discussed
in Section 2. The vertical R-values from di↵erent surveys were adjusted so that the SFDs are connected with each
other smoothly.
We noticed that the SFDs of the three main belt regions present roughly similar shapes: there is a knee around

D = 100–150 km and a dip around D = 20–30 km. The similar SFD shape suggests that the entire main belt consists
of a unique population that experienced the same dynamical/collisional evolution. We also noticed that the dip around
D = 20–30 km gets gradually shallower from the inner to the outer regions. The shape of the SFDs of Hildas and
JTs looks similar: there is no significant dip or knee in their SFDs. Those SFDs appear rather flat on the R-plot,
while the SFDs of MBAs show a wavy structure. The di↵erence in SFDs between MBAs and Hildas/JTs and the

The vertical R-value has no meaning. Each SFD was just 
shifted each other to better see.

Inner region

outer region

The shape of 
the SFDs are 
gradually 
flattened.

Our new idea :  the 
gradual change of 
the SFD was 
caused by outer 
object which were 
implanted during 
the planet 
migration.  

If the SFD of outer 
objects is close to the 
dN(D) ∼ D-3dD, 
the can make this 
flatting.

Yoshida, F., et al., A comparative study of size frequency distributions of Jupiter Trojans, Hildas and main belt 
asteroids: A clue to planet migration history , P&SS, 169, 78 (2019)

Our internet goes to farther 
region : Search for TNOs HSC

https://ui.adsabs.harvard.edu/#abs/2019P%26SS..169...78Y/abstract
https://ui.adsabs.harvard.edu/#abs/2019P%26SS..169...78Y/abstract
https://ui.adsabs.harvard.edu/#abs/2019P%26SS..169...78Y/abstract


Yoshida, F., &Nakamura, T., Subaru Main Belt Asteroid Survey (SMBAS) - Size and color distributions of small main-belt asteroids , P&SS, 55, 1113 (2007)

3.2. Estimation of taxonomic type

The S- and C-type asteroids are common in the main
belt. They are classified by their B! R and/or V ! I colors
based on the known MBAs data2 (see the top panel of
Fig. 7). It is important to distinguish between S- and
C-type asteroids in order to estimate their diameter,
because the C-type asteroid with a certain brightness is
twice larger than an S-type asteroid with the same
brightness, because of the difference in their albedos. We
used the B- and R-filters in SMBAS-II for classifying S-
and C-type asteroids. The last four panels of Fig. 7 show
the distribution of the B! R color of 1001 MBAs detected
in SMBAS-II. One can see a bimodal distribution, namely
there is a slight depletion around B! R of 1.1 in the second
panel of Fig. 7 which includes the whole sample. Thus, we
divided our MBAs into two groups, namely one having the
B! R41:1 which includes the S- and D-types and another
having the B! Ro1:1 which includes the C- and M-types.
Unfortunately, since we did not use the V-filter in SMBAS-
II, we could not distinguish M-type from the C-type,
D-type from the S-type, respectively, because they are
indistinguishable by the B! R color. Thus, we admit that
there is a contamination of M-type into C-type and of D-
type into S-type in our MBAs. Therefore, we call our two
categories defined by the B! R color S-like (B! R41:1)
and C-like (B! Ro1:1) asteroids. They are not exact S-
type and C-type. The C-like asteroids include the M-type
asteroids with C-type. Though E-type asteroids are not
included in the top panel of Fig. 7, the C-type asteroids are
also contaminated by E-type, especially at around 2.0AU,
where the Hungaria family, which is about half E-type and
half S-type, exists. The S-like asteroids include the D-type
asteroids with S-type. However, in the main belt, the M-
and D-types are minor members compared with the C- and
S-types. Therefore, we thought that the contamination
does not affect statistically so much. As shown in the last
three panels of Fig. 7, asteroids having the B! R41:1 (S-
like) dominate in the inner belt, while asteroids having the
B! Ro1:1 (C-like) dominate in the outer belt. This trend
is consistent with that of known S- and C-types MBAs.

We admit that the B and R information is not enough to
define exact S- and C-types. But even if we use more bands
like SDSS did, the asteroid’s classification by the multi-
band photometry is still vague. Though the SDSS used five
filters in order to define the taxonomic types, it could only
divide all asteroids into two groups, namely ‘‘red’’ and
‘‘blue’’ asteroids. Even if there is a small contamination
with minor types, however, we still think that it is
important that we could distinguish MBAs into two major
groups. It is useful to obtain the heliocentric distributions
of different types having different materials and it could be
also helpful to understand the physical structure of the
asteroid belt statistically.
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Fig. 7. The B!R vs. V ! I diagram for known MBAs (the top panel)
and the B! R color histograms of MBAs detected in SMBAS-II (the last
four panels). In the top panel, one can see that the S, C, D, and M-types
are splitted into four groups, although the boundary between C- and M-
types is vague. The last four panels show the histograms of the B! R color
of our MBAs in the different main belt regions.

2PDS Asteroid Data Archive, hhttp://www.psi.edu/pds/archive/ecas.htmli,
hhttp://www.psi.edu/pds/archive/tax.htmli.
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SC has 10 CCDs. 
FOV: 34’x 27’

SMBAS II

Observation date : Oct. 21, 2001 
Obs pointing : R.A. = 1h 29m and Dec. = +11◦52’′ 
                                         near ecliptic, near opposition  
Filter : B, R  
Total survey area :~4deg2  

EXP time : 2 min 
Detection limit : 24.2 mag (R) 

• Using B-R, separate S-like, C-like asteroids 
• Investigate the number ratio of S- and C-like MBAs with D>0.6 km

asteroids dominated only in the outer belt. This difference
is likely to arise from difference in SDSS and SMBAS-II
asteroids-grouping criteria and/or the lower detection of
SDSS ‘‘blue’’ asteroids of low albedo in farther region of
the main belt.

5. Size distribution of S- and C-like MBAs for the entire
main belt

We investigated the size distributions of our MBAs for
each type. Fig. 9 shows the differential (histogram) and
cumulative (!) luminosity functions of SMBAS-II MBAs.
Each bin size is 0.4mag. This size corresponds to the width
of the absolute magnitude difference derived from our
estimation of a" 0:1AU (see Section 3.1). The correspond-
ing diameter that was calculated by Eq. (6) assuming
albedos p ¼ 0:21 and 0:06 for S-like and C-like asteroids,
respectively, is shown in the upper abscissa. For our S-like
asteroids, 17.4mag corresponds to 1 km in diameter. For
our C-like asteroids, 18.6mag corresponds to 1 km in
diameter. As shown in Table 4, the limiting magnitudes

(corresponding to the 90%-complete detection) with Hv in
the three different regions of the main belt are 21.25
(inner), 20.61 (middle), and 19.95mag (outer), respectively.
For the entire main belt, the limiting magnitude should be
19.95mag. We corrected the numbers of asteroids to the
100% detection in the bin of 19.8–20.2 mag corresponding
to the 90%-complete detection, and then showed them by
gray columns in Fig. 9. Since the cumulative luminosity
function of asteroids is usually well represented by a power
law distribution (NðoHvÞ / 10aHv ), the slope of the power
law distribution has been believed to characterize the
collisionally evolved asteroid population. Assuming that all
asteroids in a given group have the same albedo, the
cumulative luminosity functions can be transformed to the
size distribution with Eq. (6). The CSD as a function of
asteroid diameter (D) is expressed by Nð4DÞ / D& b. The
two slopes are related by b¼ 5a.
The bof CSD produced by shattering collision such as

Dohnanyi’s Model (Dohnanyi, 1969) were predicted to be
2.5, or the Polomar-Leiden Asteroids Survey (PLS) found
that the b¼ 1:75 (van Houten et al., 1970). However,
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Fig. 8. Raw (or biased) and unbiased heliocentric distributions of S- and C-like asteroids (upper panels, (a) and (c)) and their fractions (lower panels, (c)
and (d)). (a) and (b) include all MBAs detected in SMBAS-II. (c) and (d) include SMBAS-II MBAs larger than 0.6 km in diameter were complete (i.e.,
unbiased) in the entire main belt because they are all within the detection limit of SMBAS-II. The red and blue lines show S-like and C-like asteroids,
respectively. The black solid lines show all MBAs from SMBAS-II.
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1:1 1:2.3 1:4S:C
N(>D)∝D-1.33

N(>D)∝D-1.29

obviously, the size distributions of SMBAS-II MBAs in
Fig. 9 are not the single power law distributions such as
Dohnanyi’s Model predicted. There are breaks in the
slopes of their CSD around 1 km in diameter for all 1001

MBAs (top panel of Fig. 9) and S-like MBAs (middle panel
of Fig. 9). We obtained the values of bby the least-squares
fitting to the power law distributions for two size regions,
namely for the range of D41 km and Do1 km. The open
and filled circles in Fig. 9 stand for the fitting range in
obtaining the slopes for large asteroids (D41 km) and
small asteroids (Do1 km), respectively. The CSD of the C-
like asteroids (bottom panel of Fig. 9) looks close to a
single power law distribution. Thus, we fitted a single
power law distribution for them. Such CSD-slopes (b) for
each type are listed in Table 5. We found that the CSD-
slopes of small asteroids (Do1 km) for each type are
similar (see Table 5). Their slopes are b!1:3. This value is
nearly consistent with the b (1:19" 0:02) reported in our
previous survey, SMBAS-I, with the same size range in the
entire main belt with the R-band (Yoshida et al., 2003).
The CSD slopes for two major types of MBAs, which are

the ‘‘red’’ and ‘‘blue’’ asteroids in the definition of SDSS,
have been examined before by Ivezić et al. (2001). The
SDSS found the bfor all samples in the size range of 0.4 km
oDo 5 km is also 1:3" 0:1, and those for ‘‘red’’ and
‘‘blue’’ asteroids are b¼ 1:20" 0:05 and b¼ 1:40" 0:05,
respectively. Although the SDSS found a small difference
between the slopes of ‘‘red’’ and ‘‘blue’’ asteroid CSDs,
both of their slopes are very close to ours at the faint end of
SMBAS-II MBAs (for Do1 km). Meanwhile, there is an
inconsistency of slopes between SDSS (1.3) and ours (2.4)
for S-like asteroids larger than 1km in diameter. We think
that these difference between SDSS and SMBAS-II might
be caused by our smaller sampling of larger S-like asteroids
(D41 km) in SMBAS-II. Because such larger asteroids
were saturated due to the 2-min exposure time, we could
not measure their brightness, or it is also likely by the
incompleteness of SDSS detection for fainter asteroids
(Jedicke and Metcalfe, 1998).
Before conducting our survey, we had expected some

difference between the size distributions of S- and C-like
asteroids, because the two types are made of different
materials. However, we did not find significant differences
in their CSD slopes in smaller MBAs (Do1 km). This may
suggest that the difference of asteroid materials is insignif-
icant for fragmentation during collisional evolutions, or it
is possible that our classification between S- and C-like
asteroids contaminated with other types of asteroids
produced vague size distributions.
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Fig. 9. The size distributions for S-like and C-like asteroids detected in
SMBAS II. The top panel shows the size distribution for all SMBAS II
MBAs. The middle and bottom panels show those for S-like and C-like
MBAs classified with the B$ R color. The vertical bars show the raw
luminosity functions, the box histograms are those corrected the 90%
detection to the 100% detection (see Section 2.1). The % in each panel
show the cumulative distributions. The open and filled circles indicate the
fitting ranges for obtaining the CSD slopes for large asteroids (D41 km)
and small asteroids (Do1km), respectively. The solid lines show the fitted
slopes. The value of the slopes are listed in Table 5.

Table 5
The CSD slopes (b’s) for each asteroid type

Types Whole belt

All 1:29" 0:02 (17.8–20.2mag)
1:75" 0:02 (14.6–17.4mag)

S-like 1:29" 0:02 (17.4–20.2mag)
2:44" 0:09 (15.4–17.0mag)

C-like 1:33" 0:03 (14.6–20.2mag)

The fitting regions in magnitudes are shown in parentheses.
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The slopes are not so different.

Color distribution of MBAs

https://ui.adsabs.harvard.edu/abs/2007P&SS...55.1113Y


New Observation : 2015 by HSC with g, r filters

Update

obviously, the size distributions of SMBAS-II MBAs in
Fig. 9 are not the single power law distributions such as
Dohnanyi’s Model predicted. There are breaks in the
slopes of their CSD around 1 km in diameter for all 1001

MBAs (top panel of Fig. 9) and S-like MBAs (middle panel
of Fig. 9). We obtained the values of bby the least-squares
fitting to the power law distributions for two size regions,
namely for the range of D41 km and Do1 km. The open
and filled circles in Fig. 9 stand for the fitting range in
obtaining the slopes for large asteroids (D41 km) and
small asteroids (Do1 km), respectively. The CSD of the C-
like asteroids (bottom panel of Fig. 9) looks close to a
single power law distribution. Thus, we fitted a single
power law distribution for them. Such CSD-slopes (b) for
each type are listed in Table 5. We found that the CSD-
slopes of small asteroids (Do1 km) for each type are
similar (see Table 5). Their slopes are b!1:3. This value is
nearly consistent with the b (1:19" 0:02) reported in our
previous survey, SMBAS-I, with the same size range in the
entire main belt with the R-band (Yoshida et al., 2003).
The CSD slopes for two major types of MBAs, which are

the ‘‘red’’ and ‘‘blue’’ asteroids in the definition of SDSS,
have been examined before by Ivezić et al. (2001). The
SDSS found the bfor all samples in the size range of 0.4 km
oDo 5 km is also 1:3" 0:1, and those for ‘‘red’’ and
‘‘blue’’ asteroids are b¼ 1:20" 0:05 and b¼ 1:40" 0:05,
respectively. Although the SDSS found a small difference
between the slopes of ‘‘red’’ and ‘‘blue’’ asteroid CSDs,
both of their slopes are very close to ours at the faint end of
SMBAS-II MBAs (for Do1 km). Meanwhile, there is an
inconsistency of slopes between SDSS (1.3) and ours (2.4)
for S-like asteroids larger than 1km in diameter. We think
that these difference between SDSS and SMBAS-II might
be caused by our smaller sampling of larger S-like asteroids
(D41 km) in SMBAS-II. Because such larger asteroids
were saturated due to the 2-min exposure time, we could
not measure their brightness, or it is also likely by the
incompleteness of SDSS detection for fainter asteroids
(Jedicke and Metcalfe, 1998).
Before conducting our survey, we had expected some

difference between the size distributions of S- and C-like
asteroids, because the two types are made of different
materials. However, we did not find significant differences
in their CSD slopes in smaller MBAs (Do1 km). This may
suggest that the difference of asteroid materials is insignif-
icant for fragmentation during collisional evolutions, or it
is possible that our classification between S- and C-like
asteroids contaminated with other types of asteroids
produced vague size distributions.
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Fig. 9. The size distributions for S-like and C-like asteroids detected in
SMBAS II. The top panel shows the size distribution for all SMBAS II
MBAs. The middle and bottom panels show those for S-like and C-like
MBAs classified with the B$ R color. The vertical bars show the raw
luminosity functions, the box histograms are those corrected the 90%
detection to the 100% detection (see Section 2.1). The % in each panel
show the cumulative distributions. The open and filled circles indicate the
fitting ranges for obtaining the CSD slopes for large asteroids (D41 km)
and small asteroids (Do1km), respectively. The solid lines show the fitted
slopes. The value of the slopes are listed in Table 5.

Table 5
The CSD slopes (b’s) for each asteroid type

Types Whole belt

All 1:29" 0:02 (17.8–20.2mag)
1:75" 0:02 (14.6–17.4mag)

S-like 1:29" 0:02 (17.4–20.2mag)
2:44" 0:09 (15.4–17.0mag)

C-like 1:33" 0:03 (14.6–20.2mag)

The fitting regions in magnitudes are shown in parentheses.
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asteroids dominated only in the outer belt. This difference
is likely to arise from difference in SDSS and SMBAS-II
asteroids-grouping criteria and/or the lower detection of
SDSS ‘‘blue’’ asteroids of low albedo in farther region of
the main belt.

5. Size distribution of S- and C-like MBAs for the entire
main belt

We investigated the size distributions of our MBAs for
each type. Fig. 9 shows the differential (histogram) and
cumulative (!) luminosity functions of SMBAS-II MBAs.
Each bin size is 0.4mag. This size corresponds to the width
of the absolute magnitude difference derived from our
estimation of a" 0:1AU (see Section 3.1). The correspond-
ing diameter that was calculated by Eq. (6) assuming
albedos p ¼ 0:21 and 0:06 for S-like and C-like asteroids,
respectively, is shown in the upper abscissa. For our S-like
asteroids, 17.4mag corresponds to 1 km in diameter. For
our C-like asteroids, 18.6mag corresponds to 1 km in
diameter. As shown in Table 4, the limiting magnitudes

(corresponding to the 90%-complete detection) with Hv in
the three different regions of the main belt are 21.25
(inner), 20.61 (middle), and 19.95mag (outer), respectively.
For the entire main belt, the limiting magnitude should be
19.95mag. We corrected the numbers of asteroids to the
100% detection in the bin of 19.8–20.2 mag corresponding
to the 90%-complete detection, and then showed them by
gray columns in Fig. 9. Since the cumulative luminosity
function of asteroids is usually well represented by a power
law distribution (NðoHvÞ / 10aHv ), the slope of the power
law distribution has been believed to characterize the
collisionally evolved asteroid population. Assuming that all
asteroids in a given group have the same albedo, the
cumulative luminosity functions can be transformed to the
size distribution with Eq. (6). The CSD as a function of
asteroid diameter (D) is expressed by Nð4DÞ / D& b. The
two slopes are related by b¼ 5a.
The bof CSD produced by shattering collision such as

Dohnanyi’s Model (Dohnanyi, 1969) were predicted to be
2.5, or the Polomar-Leiden Asteroids Survey (PLS) found
that the b¼ 1:75 (van Houten et al., 1970). However,
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Most of the MBAs that we discovered through Subaru/HSC is 
D < 1 km. 

They are much small than those that SDSS found. 
We are looking at different world by Subaru Telescope from 

previous surveys.

Color distribution of MBAs
Will be Updated

Coming soon
HSC

Important Points



Q-type asteroids in the main belt

This results will be updated with HSC/SSP data (g,r,i,z,Y)

Lin, H.-W., Yoshida, F., Chen, Y.-T., Ip, W.-H., &Chang, C.-K. A search for subkilometer-sized ordinary chondrite like asteroids in 
the main-belt , Icarus, 254, 202 (2015)

Observation date : Aug. 9, 10, 2004 
Obs pointing : R.A. = ~21h 20m and Dec. = ~ -15◦30’′ 
near ecliptic, near opposition  
Total survey area :1.5deg2  

EXP time : 120 sec for B, V, R, 180 sec for I 
Detected H range : 13 - 22 mag 

75 of 150 MBAs with color uncertainty less than 
0.1 were used in the spectral type analysis. We 
found only two possible Q-type asteroids.  
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Figure 6 The R − I vs. A color-color diagrams of the large (upper) and
small (bottom) asteroid samples in the present Subaru data. The regions
corresponding to three types of asteroids are shown in the plots. The average
colors of B, C, D, F, G, S, T, V, Q, R and X-type asteroids from Dandy et al.
(2003) are also marked.

20

D ~ 0.2 - 10 km

Hv< 18.5 mag ̶ sub-km 

Hv> 18.5 mag ̶ ~ km 

Q-type to S-type ratio in MBAs : < 0.05 
Q/S ratio in NEAs has been estimated to be 0.5 to 2 (Binzel 
et al., 2004; Dandy et al., 2003).  

• Q-type is rare in MBAs. Space weathering Q -> S in 
MB 

• Q-type asteroids are created by re-surfacing of S-type in 
near Earth region. 

HSC

https://ui.adsabs.harvard.edu/abs/2015Icar..254..202L
https://ui.adsabs.harvard.edu/abs/2015Icar..254..202L


More distant objects …

Sakugawa, H., et al., Colors of Centaurs observed by the Subaru/Hyper Suprime-Cam and implications for their origin , PASJ, 70, 116 (2018) 
Terai, T., et al., Multi-band photometry of trans-Neptunian objects in the Subaru Hyper Suprime-Cam survey , PASJ, 70, S40 (2018)

Fig. 1. The sky map in equatorial coordinate covered by the Hyper Suprime-Cam Subaru Strategic Program survey between March 2014 and September

2016. The solid and dotted curves show the ecliptic latitudes of 0◦ and ±30◦, respectively.

flat-fielding, artifacts masking, and background subtraction. Next, the pipeline detects sources and

determines the World Coordinate System (WCS) and zero-point magnitude of the corrected data by

matching to the Pan-STARRS 1 (PS1) 3π catalog (Tonry et al. 2012; Schlafly et al. 2012; Magnier

et al. 2013). Then, the centroids, shapes, and fluxes of detected sources are measured with several

different algorithms. We use the sinc aperture flux (Bickerton & Lupton 2013) with 12 pixel (i.e.,

∼2.0 arcsec) radius aperture for photometry of TNOs, which is the same configuration for estimating

the zero-point magnitude. Note that the zero-points are translated from PS1 into the native HSC

system by a color term (Kawanomoto et al. 2017, in preparation). Lastly, the pipeline generates

source catalogs describing the measurement values and flags of detected objects in each CCD. The

source catalogs and corrected images are stored in the HSC database, and can be queried by using

the Catalog Archive Server (CAS) search3 and quarried by using the Data Archive System (DAS)4,

respectively (Takata et al. 2017, in preparation).

2.3 Object sample

As of the end of 2016, more than 1700 TNOs have been discovered. The daily ephemeris of each

object was retrieved from the Minor Planet & Comet Ephemeris Service website5 managed by the

Minor Planet Center. We searched for known TNOs with coordinates located within the area of the

HSC-SSP data at the acquisition date, and checked if there was a detected source corresponding to

each of those objects in the source catalogs using the sub-hourly ephemeris. The identified source was

3 https://hsc-release.mtk.nao.ac.jp/datasearch/

4 DAS Quarry (https://hsc-release.mtk.nao.ac.jp/das quarry/) and DAS Search (https://hsc-release.mtk.nao.ac.jp/das search/pdr1/) are available for accessing

the HSC-SSP image data.

5 http://www.minorplanetcenter.net/iau/MPEph/MPEph.html

5

HSC-SSP survey area in March 2014 ̶ September 2016 

We found 30 known TNOs with > 4 bands, 
and 9 known Centaurs with g, i-bands. 
More and more are coming up soon.  

HSC

Fig. 2. Semi-major axis vs. eccentricity (left) and semi-major axis vs. inclination (right) plots of our TNO sample. Our 30 target TNOs are shown according

to distinct dynamical classes: cold classical (circles), hot classical (squares), scattered (triangles), and resonant objects (inverse triangles), respectively. The

vertical dotted lines show the locations the of 3:2, 7:4, and 2:1 mean motion resonances with Neptune. The dashed curves in the left panel show perihelion

distances of 30 au and 37 au. The dashed curve in the right panel shows an inclination of 6◦.

most of the objects have comparable values between the two bands. Schaefer et al. (2009) also

presented the differences in the phase curve slopes between B and I bands for 52 icy bodies, and

showed that in most cases they are as small as <∼ ±0.02 mag deg−1. These data imply that the phase

coefficient of TNOs can almost be regarded as wavelength independent. We assume a constant value

of β = 0.11 mag deg−1 (Alvarez-Candal et al. 2016) for all the bands.

We obtain the object absolute magnitude Hx in a band x (either of g, r, i, z, Y ) by averaging

the individual absolute magnitudes over all the epochs, Hx,j (j = 1, 2,..., Nx, where Nx is the number

of the x-band data). The uncertainty of Hx, σHx , is calculated as

σHx =

!

"

"

#

$Nx
j=1σ

2
Hx,j

N2
x

+

$Nx
j=1(Hx,j −Hx)2

Nx− 1
, (2)

where σHx,j
is the error of individual magnitude given by the square root of the square sum of the

photometric error derived from flux measurement uncertainty and the zero-point error. The second

term in the square root, the unbiased variance of Hx,j , is larger than the first term derived from the

individual errors in most sources, suggesting that the Hx,j dispersions are dominated by brightness

variation with rotation of the TNO.

We estimate the color from the difference between Hx values, e.g., Hg −Hr for the g − r

color. The deviation of the Hx value from the mean magnitude level of the lightcurve (∆Hx) could

cause an additional uncertainty in the color measurement. According to the analysis by Duffard et

al. (2009), the mean rotation period and lightcurve amplitude of TNOs are 6.95 hr and 0.25 mag,

respectively. Using a Monte Carlo method, we generated synthetic lightcurves assuming a sinusoidal

7

Fig. 11. Top: g− i color vs. eccentricity/inclination of the low-I (circles) and high-I (squares) populations. Bottom: same as the top panels but the red high-I

objects are marked with triangles. The dashed lines show the solar color.

well as possibly different origins/evolutions between the red and neutral high-I objects. These two

sub-populations of high-I objects probably form the color bimodality presented in Wong & Brown

(2017), although the color distribution of the neutral high-I objects disagree with that of the R TNOs.

While further data is required for detailed investigation, the presence of the red high-I objects has

potential for being an essential clue for understanding the cause of difference in reflectance spectra

between low-I and high-I populations.

4.3 Interpretation

Our analysis shows that (1) the hot classical and scattered populations have similar reflectance spectra

with a constant (flat or reddish) slope in the wavelength range at least from 0.4 µm to 1.0 µm; (2)

the cold classical population exhibits distinctive spectra with a reflective decrease toward shorter

wavelength below the i band (∼0.8 µm); (3) the high-I population shows an anti-correlation between

g − r/r− i colors and inclination; (4) for the high-I TNOs with less red color, there is a strong

anti-correlation between g− i color and inclination. The depth, shape and wavelength range of this

reflectance decay is potentially useful for elucidating the reddening mechanism as well as the factor

of the color diversity of TNOs, which can provide a unique constraint on the origins and evolutions

of these populations.

The difference in the color distributions among the dynamical classes and the color-inclination

correlation have been noted in previous studies (e.g., Doressoundiram et al. 2008; Hainaut et al.

17

↑Detected TNOs The color of most of detected  TNOs 
was measured for the first time.

Correlation between 
g - i and e or I

https://ui.adsabs.harvard.edu/#abs/2018PASJ...70..116S
https://ui.adsabs.harvard.edu/#abs/2018PASJ...70S..40T


Sakugawa, H., et al., Colors of Centaurs observed by the Subaru/Hyper Suprime-Cam and implications for their origin , PASJ, 70, 116 (2018) 
Terai, T., et al., Multi-band photometry of trans-Neptunian objects in the Subaru Hyper Suprime-Cam survey , PASJ, 70, S40 (2018)
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Fig. 1. Distribution of the semi-major axes and eccentricities of the nine Centaurs examined in the present work (circles). Diamonds represent the four giant

planets for comparison. The two vertical dashed lines represent a = 5.5 au and a = aN (aN is Neptune’s semi-major axis), respectively. The two dotted

curves represent q = 5.2 au and q = 7.35 au, respectively.

Fig. 2. Top panel: Distribution of g−i color of the nine Centaurs examined in the present work. The vertical dashed line represents the solar color (g−i=1.02).

Bottom panels: Distributions of g − i color of TNOs examined by Terai et al. (2018) based on the HSC-SSP data. The left panel shows the distribution of 13

objects with low-inclination (I < 6
◦), and the right panel shows that of 13 objects with high-inclination (I > 6

◦). Data for the bottom panels were taken from

Terai et al. (2018).

Fig. 1. The sky map in equatorial coordinate covered by the Hyper Suprime-Cam Subaru Strategic Program survey between March 2014 and September

2016. The solid and dotted curves show the ecliptic latitudes of 0◦ and ±30◦, respectively.

flat-fielding, artifacts masking, and background subtraction. Next, the pipeline detects sources and

determines the World Coordinate System (WCS) and zero-point magnitude of the corrected data by

matching to the Pan-STARRS 1 (PS1) 3π catalog (Tonry et al. 2012; Schlafly et al. 2012; Magnier

et al. 2013). Then, the centroids, shapes, and fluxes of detected sources are measured with several

different algorithms. We use the sinc aperture flux (Bickerton & Lupton 2013) with 12 pixel (i.e.,

∼2.0 arcsec) radius aperture for photometry of TNOs, which is the same configuration for estimating

the zero-point magnitude. Note that the zero-points are translated from PS1 into the native HSC

system by a color term (Kawanomoto et al. 2017, in preparation). Lastly, the pipeline generates

source catalogs describing the measurement values and flags of detected objects in each CCD. The

source catalogs and corrected images are stored in the HSC database, and can be queried by using

the Catalog Archive Server (CAS) search3 and quarried by using the Data Archive System (DAS)4,

respectively (Takata et al. 2017, in preparation).

2.3 Object sample

As of the end of 2016, more than 1700 TNOs have been discovered. The daily ephemeris of each

object was retrieved from the Minor Planet & Comet Ephemeris Service website5 managed by the

Minor Planet Center. We searched for known TNOs with coordinates located within the area of the

HSC-SSP data at the acquisition date, and checked if there was a detected source corresponding to

each of those objects in the source catalogs using the sub-hourly ephemeris. The identified source was

3 https://hsc-release.mtk.nao.ac.jp/datasearch/

4 DAS Quarry (https://hsc-release.mtk.nao.ac.jp/das quarry/) and DAS Search (https://hsc-release.mtk.nao.ac.jp/das search/pdr1/) are available for accessing

the HSC-SSP image data.

5 http://www.minorplanetcenter.net/iau/MPEph/MPEph.html

5

HSC-SSP survey area in March 2014 ̶ September 2016 

Centaurs’s g-i color is similar to that 
of high I TNOs (I>6 deg)

• We will get more samples until 
the end of HSC-SSP survey.  

• We also try to investigate new 
TNOs and Centaurs detected 
in HSC-SSP data. 

Near future work

More distant objects …
We found 30 known TNOs with > 4 bands, 
and 9 known Centaurs with g, i-bands. 
More and more are coming up soon.  

https://ui.adsabs.harvard.edu/#abs/2018PASJ...70..116S
https://ui.adsabs.harvard.edu/#abs/2018PASJ...70S..40T


New survey for Distant Objects

Solar system archaeology : Explore the history of the solar 
system by digging up fossils of past events. Explore the icy 

world for the very first time.

Formation of the Outer Solar System ‒ an Icy Legacy
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HSC

Planning phase

Phase I 
• physical properties (bulk density, rotation 
period, shape) and color distribution of JTs/
Hildas of r2 < 25.5 mag  

• size frequency distribution of small TNOs of 
r2 < 27 mag. 

Phase II 
• Wide survey and orbit determinations for 
smaller TNOs than those LSST will find.



SC/HSC are useful to detect cometary activity

•Ishiguro, M., Usui, F., Sarugaku, Y., &Ueno, M., 2006 Fragmentation of Comet 73P/Schwassmann-Wachmann 3B observed with 
Subaru/Suprime-Cam , Icarus, 203, 560 (2009) 
•Ishiguro, M., et al., Observational Evidence for an Impact on the Main-belt Asteroid (596) Scheila , ApJ, 740, L11 (2011) 
•Ishiguro, M., et al., Comet 17P/Holmes: Contrast in Activity between before and after the 2007 Outburst , ApJ, 778, 19 (2013) 
•Meech, K., et al., The demise of Comet 85P/Boethin, the first EPOXI mission target , Icarus, 222, 662 (2013) 
• Hsieh, H., et al., Search for the Return of Activity in Active Asteroid 176P/LINEAR , AJ, 147, 89 (2014) 
• Hsieh, H., et al., Sublimation-Driven Activity in Main-Belt Comet 313p/Gibbs , ApJ, 800, L16 (2015) 
• Hui, M.-T., &Jewitt, D., Archival Observations of Active Asteroid 313p/Gibbs , AJ, 149, 134 (2015)
• Yagi, M., et al., Initial Speed of Knots in the Plasma Tail of C/2013 

R1(Lovejoy) , AJ, 149, 97 (2015) 
•Kim, Y., Ishiguro, M., Michikami, T., &Nakamura, A., Anisotropic Ejection 
from Active Asteroid P/2010 A2: An Implication of Impact Shattering on 
an Asteroid , AJ, 153, 228 (2017) 
•Moreno, F., et al., The dust environment of comet 67P/Churyumov-
Gerasimenko: results from Monte Carlo dust tail modelling applied to a 
large ground-based observation data set , MNRAS, 469, S186 (2017)

• Meech, K., Hainaut, O., Boehnhardt, H., &Delsanti, A., Search for Cometary Activity in KBO (24952) 1997 QJ4 , EM&P, 92, 169 
(2003) 

• Fuse, T., Yamamoto, N., Kinoshita, D., Furusawa, H., &Watanabe, J., Observations of Fragments Split from Nucleus B of Comet 
73P/Schwassmann-Wachmann 3 with Subaru Telescope  

• Hsieh, H., The Hawaii trails project: comet-hunting in the main asteroid belt , A&A, 505, 1297 (2009)
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Summary
• SC significantly contributed to the solar system science. The entire 
community recognizes its wide field of view as a very powerful tool for 
the solar system science. 

• All the wonderful features of SC were inherited by HSC with an even 
larger FOV. We can conduct more efficient surveys using HSC. 

• Even in the LSST era, the combination of the Subaru Telescope and 
HSC is still the best device that can detect the faintest objects most 
efficiently. In the 2020s, we will further promote solar system science.

TNOs: JJ Kavelaars, Rosemary Pike 
Distant objects search: Dave Tholen 
Planet Nine search: Mike Brown

More talks about Distant objects 
in this session

Keynote : 
Friday 

afternoon


