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===========================================================================

   Run            Field numbers  Filter   Exp     Detection limit (mag)   Cadence    Date (UT)       Hours (hr)   

===========================================================================

201904 (L5)      5                      g     90s                  24.5                  10min      2019-04-10      8.82  

------------------------------------------------------------------------------------------------------------------- 

202005 (L5)     2                        r2    300s                25.6                  11min      2020-05-19      3.8hr 

                                                                                 25.7                  11min      2020-05-20      3.8hr 

------------------------------------------------------------------------------------------------------------------- 

202008(L4)      3                        r2    300s                25.6                  16min      2020-08-21      4.5hr 

                                                                                 25.6                  16min      2020-08-22      4.0hr  

                                                                                 25.5                  16min      2020-08-23      4.1hr  

-------------------------------------------------------------------------------------------------------------------

202010(L4)      3                        r2    150s*2             25.5                  15min      2020-10-14      3.4hr 

                                                                                 25.4                  15min      2020-10-15      3.4hr       

                                                                                 24.0                  15min      2020-10-16      1.0hr  

                                                                                 24.0                  15min      2020-10-17      1.0hr

------------------------------------------------------------------------------------------------------------------- 

202010a1(L4)  4                         r2   150s*2            25.0                   21min      2020-10-14      0.9hr

------------------------------------------------------------------------------------------------------------------- 

202010a2(L4)  4                         r2   150s*2            25.0                   21min      2020-10-15      1.3hr

-------------------------------------------------------------------------------------------------------------------  

•High-cadence observations were performed targeting the L4 and L5 Jupiter Trojan (JT) clouds. 

• The 19Apr data is from a previous survey, and not part of the original FOSSIL proposal. 

• FOSSIL was originally awarded four nights in both May (2020A) and September (2020B) when the L5 and L4 JT 

clouds were near  the oppositions, respectively. However our scheduled observations 2020A were impacted by 
the shutdown of Mauna Kea due to the COVID-19 pandemic, and our 2020B nights were rescheduled to 
August and October due to necessary Subaru maintenance which had been deferred due to the pandemic. The 
change in our observing schedule necessitated the cancellation of our planned JT color measurements, but we 
were still able to make useful JT lightcurve measurements during time we managed to observe.

We surveyed the L4, and L5 
JT sky areas of 37.7 deg2 in 
total, in 2020.
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• All the images were processed using the HSC pipeline, hscPipe v8.3 (Bosch et al. 2018), with astrometry and 
photometry calibrated against the Pan-STARRS 1 catalog (Chambers et al. 2017). For each pointing, hscPipe 
was used to build a template image in order to produce differential images. The differential images were then 
processed by the same pipeline to generate source catalogs of potential moving objects.


• Since fast moving objects show trailed PSF during each exposure. In order to improve the photometry for the 
trailing moving objects, the trail-fitting method TripPy (Fraser et al. 2016a,b) was used to estimate the 
magnitudes of the moving object candidates.

Data process Flow Chart

Intra-night trajectories are linear

• The intra-night detections of the moving objects would 
appear as linear sequences with correlated epochs. The 
Hough Transform (Hough 1959; Duda & Hart 1972), an 
algorithm for line detection in images, was thus utilized to 
correlate the linear intra-night detections and find moving 
objects. This procedure is describe in detail in Chang et al. 
(2019).

• In Hough Transform,  a line is defined as r =x 
cosθ+y sinθ.


• Line-up detections share common (r,θ)

• Explore (r,θ) for detections and  find those in common 

(r,θ) with right time sequence 
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• We picked up real objects from numerous detection. 

• We found ~1000 moving objects in each HSC field.

• We measured the brightness of each object with dedicated pipeline for moving objects, which our team 

member developed.

A Jupiter Trojan discovered by FOSSIL 
on 21 August 2020.

A Trans - Neptunian Object discovered 
by FOSSIL on 21 August 2020.
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Figure 1. Motions along ecliptic longitude and latitude of the moving objects detected in the FOSSIL observations. The
moving objects are classified as outlined in Yoshida & Terai (2017). The JTs discussed in this paper are indicated by the orange
dots.

The FOSSIL1 Survey (Formation of the Outer Solar
System: An Icy Legacy) is an intensive survey program
using Subaru/HSC. The goal of the program is to mea-
sure the populations and characteristics of JTs and the
various dynamical sub-populations of the small bodies in
the Trans-Neptnuian region. The results of this survey
program will provide important clues to our understand-
ing of the formation and evolution of our Solar System.
A major scientific goal of the initial phase of the survey
was to obtain high-cadence lightcurves of small JTs and
measure their rotation periods.
JTs are a population of asteroids co-orbiting with

Jupiter at its L4 and L5 Lagrangian points. Because the

1 https://www.fossil-survey.org

orbits of JTs are relatively stable, it is believed that their
properties maintain important primitive information
from the early stages of the formation of our solar sys-
tem. JTs could have been formed at their present loca-
tions during the formation of Jupiter (Marzari & Scholl
1998; Fleming & Hamilton 2000), or they formed some-
where else in the early stage of the solar system and
were then captured into their current locations during
migration of the giant planets (Morbidelli et al. 2005;
Nesvorný et al. 2013). Therefore, comparative studies
of the overall physical properties between JTs and other
asteroid populations are crucial to our understanding of
the origin of JTs and the formation of our solar system.
A number of observations have been completed in

the past in order to better understand this population.
Two spectral groups, i.e., red (D-type) and less red (P-

FOSSIL found: (unique objects)
   206    TNOs
   779    JTs
   176    Hildas
   7106  MBAs
   22      NEAs

Motions along ecliptic longitude and latitude of the moving objects 
detected in the FOSSIL observations.

• Since observations were conducted near opposition, 
we are able to use the motion along Ecliptic longitude 
and latitude to distinguish different populations of 
moving objects: MBAs, Hildas, JTs, and TNOs. 
Moreover, several Near Earth Asteroids (NEAs) and 
Centaurs were also found. 


• We picked JTs (orange points) for further orbit 
determination and rotation period analysis.
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Figure 4. 29 folded lightcurves of JTs covering full rotation period. The object id and derived rotation period are indicated
on each plot. Different colors represent data points obtained from different days.The gray line is the fitting result.
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Figure 5. 37 folded lightcurves of JTs covering half rotation period. Symbols are the same with Figure 4.
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Figure 6. 34 folded lightcurves of JTs with partial rotation period. Symbols are the same with Figure 4.

• FOSSIL measured light curves of 100 JTs.


• To measure rotation periods, we performed a 2nd-order 
Fourier series fit to the lightcurves of FOSSIL JTs:


where mi,j are the apparent magnitudes in the observed band, 
tj is the observing epoch; Bk and Ck are the coefficients of the 
2nd-order Fourier series; P is the rotation period; t0 is an 
arbitrary epoch; and Zi is the constant to correct the 
magnitude offsets between the data sets obtained from     

                                              different nights i. 

• Covering full rotation period 
for 29 JTs, half rotation 
period for 37 JTs, and 
partial rotation period for 34 
JTs.
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and the r2-band was used for the other three blocks.
The observation time spans were roughly 8 hr for 19Apr
and 4 hr each night for the observations conducted in
2020 (other than the last two nights of the 20Oct block,
where the time was reduced due to poor weather).
The 19Apr data is from a previous survey, and not

part of the original FOSSIL proposal. However, the
data had not yet been analyzed until the end of the 2020
FOSSIL observations. FOSSIL was originally awarded
four nights in both May (2020A) and September (2020B)
when the L5 and L4 JT clouds, respectively, were at
opposition. However our scheduled observations 2020A
were impacted by the shutdown of Mauna Kea due to
the COVID-19 pandemic, and our 2020B nights were
rescheduled to August and October due to necessary
Subaru maintenance which had been deferred due to
the pandemic. The change in our observing schedule
neccesitated the cancellation of our planned JT color
measurements, but we were still able to make useful JT
lightcurve measurements during time we managed to ob-
serve.
The number of selected pointings and the exposure

time of each frame were adjusted for each block as we
learned from our experience from the analysis of the
previously observed blocks. For each block, exposures
were cycled through the selected pointings repeatedly
throughout each night. The typical limiting magnitudes
were ≈24.5 mag for 19Apr and ≈25.5 mag for the oth-
ers (except for the last two nights of the 20Oct block
obesrvations where the limiting magnitude dropped to
≈24 mag). A total of 13 pointings were used, for a total
sky coverage of 37.7 deg.2.
All the images were processed using the official HSC

pipeline, hscPipe v8.3 (Bosch et al. 2018), with as-
trometry and photometry calibrated against the Pan-
STARRS 1 catalog (Chambers & et al. 2017). For each
pointing, hscPipe was used to build a template image
in order to produce differential images. The differen-
tial images were then processed by the same pipeline to
generate source catalogs of potential moving objects.
Since the observations were carried out using rela-

tively long exposure times, the images of the moving
objects with relatively short geocentric distance were
trailed. In order to improve the photometry for the
trailing moving objects, the trail-fitting method TripPy
(Fraser et al. 2016a,b) was used to estimate the magni-
tudes of the moving object candidates.
The intra-night detections of the moving objects

would appear as linear sequences with correlated epochs.
The Hough Transform (Hough 1959; Duda & Hart
1972), an algorithm for line detection in images, was
thus utilized to correlate the linear intra-night detections

and find moving objects. This procedure is describe in
detail in Chang et al. (2019).
Since observations were conducted near opposition, we

are able to use the motion along Ecliptic longitude and
latitude to distinguish different populations of moving
objects. As shown in Figure 1, the observed moving
objects can be classified (e.g. Yoshida & Terai 2017) as
MBAs, Hildas, JTs, and TNOs. Moreover, several Near
Earth Asteroids (NEAs) and Centaurs are also evident.
We used the the objects corresponding to the orange
points in Figure 1 as our sample of JTs for further or-
bit determination and rotation period analysis. In total,
1241 JTs with five or more detections were chosen, in-
cluding 63 previously (hereafter, FOSSIL JTs).
In order to estimate the diameters of the FOSSIL JTs,

the distance to each object must be estimated. To that
end, rough orbits for FOSSIL JTs were calculated us-
ing the software package orbfit (Bernstein & Khushalani
2013). Because the arcs of FOSSIL JTs were limited
to 1–3 d, the uncertainties of the initial orbit determi-
nations are relatively large. However, the estimates of
semi-major axis for all FOSSIL JTs are within the ex-
pected range.
Since the phase angles of FOSSIL JTs only have small

changes during our observations, we simply estimate
their absolute magnitudes using a fixed G slope of 0.15
in the H–G system (Bowell et al. 1989). Diameters were
then estimated as

logD = 0.2m⊙ + log 2r − 0.5 log p− 0.2Hx (1)

where m⊙ is the apparent magnitude of the Sun, r is the
heliocentric distance of Earth in the same unit as D, p is
the geometric albedo, and H is the absolute magnitude
of the JT in the observed band. We adopt m⊙ = −27.04
for the r2 band and −26.34 for the g band (Willmer
2018), and we set p = 0.04 (Romanishin & Tegler 2018).

3. ROTATION-PERIOD ANALYSIS

To measure rotation period, we performed a 2nd-order
Fourier series fit to the lightcurves of FOSSIL JTs2:

mi,j = Zi +
2

∑

k=1

{

Bk sin

[

2πk

P
(tj − t0)

]

+Ck cos

[

2πk

P
(tj − t0)

]}

, (2)

where mi,j are the apparent magnitudes in the observed
band, tj is the observing epoch; Bk and Ck are the coef-
ficients of the 2nd-order Fourier series; P is the rotation

2 The correction for the light-traveling time was not applied here
because it is negligible for short time-span surveys (i.e., 1 to 3
days).

The spin rate (f = 1/P ) was 
explored from 0.25 to 100 d−1 
using a step size of 0.01 d−1.

Rotation periods of Jupiter Trojans
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Figure 2. Diameter vs rotation periods for the FOSSIL JTs (orange dots). The same is shown for previously measured JTs as
well (green dots). The green, orange, and blue dashed lines indicate rotation periods of 5, 4, and 3 hr, respectively. Note that
only the objects with full and half derived rotation periods in our samples are used in this plot. All half periods are doubled for
comparison to objects with full periods.

period; t0 is an arbitrary epoch; and Zi is the constant to
correct the magnitude offsets3 between the data sets ob-
tained from different nights i. The spin rate (f = 1/P )
was explored from 0.25 to 100 d−1 using a step size of
0.01 d−1. When a period gives a folded lightcurve with
double peaks, single peak, and a segments, it is defined
as a full, half, and partial rotation period. The uncer-
tainty of each derived rotation period is then estimated
using the method described in Waszczak et al. (2015).
Each lightcurve amplitude was estimated using a per-
centile of 95% centered on the median data point, which
helps to reduce the outliers from bright star contamina-
tion or incorrectly linked detections.
From the lightcurves of the 1241 FOSSIL JTs, we

obtained 29 full, 37 half, and 34 partial rotation peri-
ods. Orbital parameter estimates, rotation period, and
lightcurve amplitude for each of these objects are shown
in Table 2 in Appendix A. The folded lightcurves of

3 The magnitude offset between different nights is a result of the
phase-curve relation and the systematic error in photometry

these objects are also shown in Appendix A in Figures 4
to 6, where all the lightcurves show clear periodic trends.

4. RESULTS AND DISCUSSION

Figure 2 shows a plot of diameter vs rotation period
for the FOSSIL JTs where full and half rotation periods
are calculated. For comparison, the values for previ-
ously measured JT rotation periods are also shown in
the figure. The FOSSIL data set extends the range of
diameters of JTs with measured rotation periods from
D ! 10 km down to D ! 1 km.
In the sample of smaller diameter JTs found by FOS-

SIL, eight of them have rotation periods faster than the
previously suggested the 5-hr spin-rate limit, with the
fastest JT having a period just under 4 hr. Assuming
a rubble-pile structure for JTs, the minimum bulk den-
sity to withstand these objects can be calculated (Harris
1996) using

P = 3.3

(

1 +∆m

ρ

)
1

2

. (3)

Figure 3 shows a plot of spin rate vs lightcurve ampli-
tude for both the FOSSIL JTs and previously measured
JTs, along with limits on bulk density calculated from

3h
4h
5h

• FOSSIL JTs: orange dots Known JTs: green dots


• The green, orange, and blue dashed lines indicate 
rotation periods of 5, 4, and 3 hr, respectively.


• The FOSSIL data set extends the range of 
diameters of JTs with measured rotation periods 
from D=~10 km down to D=~1km.

Looking at the rotation period distribution of 
FOSSIL JTs, the spin limit of JTs can be ~4 
hours instead of the previously published result 
of ∼ 5 hr. 

FOSSIL detected one 
order smaller JTs 
compared to previous 
works.

Assuming a rubble-pile structure for JTs, the 
minimum bulk density to withstand these 
objects can be calculated (Harris 1996) using 
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only the objects with full and half derived rotation periods in our samples are used in this plot. All half periods are doubled for
comparison to objects with full periods.
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Figure 3 shows a plot of spin rate vs lightcurve ampli-
tude for both the FOSSIL JTs and previously measured
JTs, along with limits on bulk density calculated from

Given the rotation rates measured for the FOSSIL 
JTs, we found that these objects need a bulk density 
of at least 1 g cm−3, a value is consistent with the 
measurement of 1.08 g cm−3 from the binary JT 
system, (617) Patroclus–Menoetius system (Mueller 
et al. 2010). 

P: rotation period (hour), Δm: amplitude 
of light curve, ρ: bulk density (g cm-3)

Diameter vs rotation periods for the FOSSIL JTs

• Rotation periods of 100 small Jupiter Trojans (JTs) were derived using the high-cadence light curves 
obtained by the FOSSIL phase I survey, an intensive program of Subaru/Hyper Suprime-Cam (HSC). 


• We found a rotation period limit at ∼ 4 hr, instead of the previously published result of ∼ 5 hr. 


• Assuming a rubble-pile structure for JTs, a bulk density of ∼ 1 g cm−3 is required to withstand this spin-rate 
limit, consistent with the value 1.08 g cm−3 derived from the binary JT system (617) Patroclus–Menoetius 
system (Mueller et al. 2010). 


• Moreover, we found 8 JTs in the FOSSIL sample that possess lightcurve amplitudes > 0.9 mag. These 
objects are binary candidates, but they need confirmation by additional surveys.

Summary
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Figure 3. Spin rate vs amplitude of FOSSIL JTs (orange dots) and previously measured JTs (green dots). The green, orange,
blue, and red dashed lines are the spin-rate limits for rubble-pile asteroids with bulk densities of 0.5, 1, 2, and 3 g cm−3,
respectively, calculated from Equation 3.

Table 2 (continued)

JT ID Observing a e i Mean Period Amplitude Period

Block (au) (deg) Magnitude (h) (mag) Coverage

JTL504010083 19Apr 5.2 0.0 4.4 23.32 10.21 ± 0.8 0.73 full

JTL505010598 19Apr 5.6 0.2 10.1 24.70 5.68 ± 1.2 0.77 full

JTL506010041 19Apr 5.7 0.1 7.4 21.59 5.89 ± 0.2 0.22 full

FOSL01010051 20May 7.6 0.6 25.0 20.71 4.92 ± 0.0 0.13 full

FOSL01010126 20May 6.1 0.3 3.7 24.18 3.75 ± 0.0 0.34 full

FOSL02010172 20May 5.4 0.2 8.7 22.33 7.33 ± 0.1 0.54 full

FSAU01020062 20Aug 5.7 0.2 5.1 21.77 4.82 ± 0.0 0.48 full

FSAU01020068 20Aug 6.0 0.2 4.9 20.59 5.33 ± 0.1 0.19 full

FSAU01020077 20Aug 5.8 0.2 3.5 22.27 7.62 ± 0.1 0.37 full

FSAU01020112 20Aug 5.9 0.3 1.1 22.45 10.32 ± 0.2 0.34 full

FSAU01020120 20Aug 5.7 0.2 1.0 21.63 5.05 ± 0.1 0.13 full

FSAU01020181 20Aug 5.8 0.2 6.2 23.00 3.90 ± 0.0 0.25 full

FSAU01020868 20Aug 6.1 0.3 4.9 23.45 5.65 ± 0.1 0.26 full

FSAU02020024 20Aug 5.5 0.2 14.3 21.70 7.50 ± 0.1 0.25 full

FSAU02020080 20Aug 5.8 0.2 4.4 22.88 8.73 ± 0.1 0.64 full

FSAU02020525 20Aug 6.2 0.3 6.3 23.83 8.73 ± 0.1 0.94 full

FSAU02020648 20Aug 5.7 0.2 5.3 20.23 5.11 ± 0.1 0.21 full

FSAU03020042 20Aug 5.6 0.2 10.2 22.49 6.11 ± 0.1 0.24 full

FSAU03020529 20Aug 5.8 0.3 17.3 23.95 6.11 ± 0.0 0.54 full

FSOC01010788 20Oct 7.4 0.5 1.0 21.32 8.65 ± 0.2 0.16 full

FSOC02010088 20Oct 6.5 0.4 14.6 23.11 5.05 ± 0.1 0.26 full

Table 2 continued

0.5 g cm−3

1 g cm−3

2 g cm−3

https://www.fossil-survey.org 
Please visit our web page.

small bodies
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