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FOSSIL project

Formation of the Outer Solar System - an Icy Legacy

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

ocky worl

Centaurs, TNOs, unseen planet(s?)
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What kind of “fossils”
will FOSSIL find?

The discovery of numerous exoplanets system has rendered obsolete the 20th
century standard model of Solar System evolution. We must establish new and
complete planetary system evolution model.

Solar System formation|™ "FQSS| explores these stages

?‘ lanetesimals
“ dust » P » current system

formation
“Understanding the large

planets
formation

Size frequency | ,

distribution of TNOs | scale mixing of small
can tell us a signature ; bodies by planetary
By detection of | of the collapse size in - migration in the solar
faint TNOs with | the streaming in system can clarify the
shift and stack stability process. 1‘ origin of current JTs/
These processes are common in the exoplanet HlldaS and TNOS
systems. Based on the understanding of solar system By collectlng and comparing phyS|caI

formation/evolution, we would reach the common properties, color, size frequency distribution of
understanding of planetary formation/evolution in

universe. JTs/HiIdas, TNOs



Current knowledge of the icy world of our solar system

e Based on current distribution of small Solar System
bodies and prediction from theoretical works, we
believe significant mixing of small bodies probably
happened at the early stage of Solar System history.

* However, we still don't know the exact process of
planet migration.
* Where does it occur, and how violent is the process?
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FE DeMeo & B Carry Nature 505, 629-634 (2014) doi:10.1038/nature12908

Current distribution of small Solar System bodies
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Complicated dynamical structure of TNO region
Kuiper belt region was undergone dynamical evolution by
somebody, with some way

20-50 km

5-20 km

4.36x1

Objects with different compositions
% are mixed In the region from the
ses0 mnain belt to JTs.



To investigate the early Solar System history,

We use the icy bodies of outer Solar System:

e |likely keep the material when they formed,
e orbit distribution can be frozen since the end of planet migration era, because
they currently don’t have frequent perturbation from planets.

Solar System evolution models suggest

e Trans-Neptunian Objects (TNOs) . :
« Neptunian Trojans (NTs) They are born in the region beyond

. : Neptune, where a massive
e Jovian Trojans (JTs) : ) ]
. Hilda planetesimal disk once existed.

If the suggestion is correct, physical properties, size frequency distribution,
composition of the above 4 groups can be similar.

FOSSIL (proposed in S19B) : try to investigate the orbital/size/color distribution of above 4 groups,

especially TNOs. + Take longer time for orbit determination (we needed a few year’s observation
arc).

4. distribution of JTs/Hildas by Ilghtvurve survey, and size frequency distribution of small
, ' TNOs using a deep drllﬂng analysis.
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,‘ It is an international team

| 'Researchers join FOSSIL project from 8 countries of Asia and the PaC|ﬂc
In total 35 members are working for FOSSIL project. ‘

Japan 8, Ta|wan7 China 6, Korea 5 Canada b, Ind|a1 NY 1, USA 2 "

!

Please visit our webpage. We opened this
page on Feb. 23, 2021. It will be filled with
more information and scientific results soon.

Our webpage
https://www.fossil-survey.org



FOSSIL observations
in May, August, and October, 2020
February , 2021

82 OA_096| May 15-18 4 nights for L5 of Jupiter Trojans region

8 nights in 20A and 20B September 4 nights for L4 of Jupiter Trojans region

If we observe the Jupiter Trojan (JT) region, we can detect all of objects from JT to TNOs at the same time.

COVID19 forced us to change our observation plan.

v

May 18, 19 2 half nights for L5 of Jupiter Trojans region

August 19-22 4 half nights for L4 of Jupiter Trojans region
October 13-26 4 half nights for L4 of Jupiter Trojans region

February 9-12 3 full nights and 2 half nights for TNO detection and g,r,z colors
Compensation for the first 3 night in May 2020.



May 2020

Observation: It was first assigned 4 nights.
But it was canceled on May 15-17 due to
COVID-109.

 What was actually assigned was only
May 18 night.

* We asked Subaru to change the one
night of May 18 to the first half of the
18th and 19th for better orbit
determination (provisional code
acquisition of MPC) and better detection
of distant objects that require one-day
observation arc.

-
=Lhis first night observation of FOSSIL project as

20200517 Campa gn for Asteroid Rotatioral Peroid
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e e s R sl near the L5 point.
S Tanlie ey s el However, since the
o rotos T 0 e observation time got short,
e % —— only 2 half nights, we
— 2 fiel f th
5/18 average seeing size : 0.75 arcsec ]?blzerved elds o €9
68 images (including dome flat, bias, focusing---) ISldS. Subaru Twitier
https:/twitter.com/SubaruTelescope/status/126299301116572057
_ _ Since our observation was the first observation after the operation of Subaru was stopped for a
5/19 average seeing size : 0.75 arcsec long time due to the influence of COVID-19, the observation was posted on Subaru's Twitter.
68 images (including dome flat, bias, focusing::*) People noticed that Subaru resumed observation safely.



https://twitter.com/SubaruTelescope/status/1262993011165720576
https://twitter.com/SubaruTelescope/status/1262993011165720576

Dec (zed

August & October 2020

Observation: We were supposed to have observation in September. In our proposal, we specified the time
that the L4 point come to near the opposition. However, the influence of COVID-19 again disturbed us. Our
observation time was split in August and October. This changed our observation strategy. Because the L4
point was not located near the opposition any more in August and October.

Target field

Aug : [RA, Dec] ~ [345, -b] deg, Oct: [RA, Dec] ~ [10, 6] deg

We observed 3 fields near L4
point for getting lightcurve

8/19 no data

8/20 average seeing : 0.88”
FSAUOT, FSAUOZ2, FSAUO3
8/21 average seeing: 1.02”
FSAUOT, FSAUOZ, FSAUO3
8/22 average seeing: 1.03”
FSAUOT, FSAUOZ2, FSAUO3

We observed 3 fields near L4 point for getting lightcurve
We also surveyed 4 fields near the opposition.

10/13
FSOCOT,
10/14
FSOCOT,
10/15
FSOCOT,
10/16
FSOCOT,
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February 2021

Observation: Subaru SAC gave us 3 full nights as the compensation of the cancelation by COVID-19 in May.
In February, we could not observe L5 Jupiter Trojan region any more. We chose near the opposition field for
detecting TNOs. The detection of faint TNOs is also our main subjects in our proposal. We used g, r, z-filters
to obtain the color distribution of TNOs.

We observed 3 fields, calling this Deep-Drilling-
Light-Curve-Fields near the opposition for
getting lightcurve of TNO. This data also uses

for the detection of very faint TNO with shift o e B “® s -~ e 4
and stack. , e e I Yo Ot
8 Rt o i WSl .

We also observed 2 fields near the opposition 13 @ 5 Fr i nigon RO Pl DR Lo SRR S
. . o [ 9 . o O .‘ o A ‘ - " % ‘s - AT 8

for getting colors of TNO with the r, g, z-bands. S a0 e N o0 AR TSRO Yol
2/9 full night 5 o '.a .‘ . K ‘. Lo e s ° -.'“.‘. ..'.‘r?-.,‘ ...‘ ¢' .- .."..;'
average seeing : 1.46” B i e et Wk S ey ST A ]
DDLC-1, DDLC-2, DDLC-3, MBCF1, MBCF2 r-, g-bands 26 P AN A Rl RN SR, SO R 100 ',;“
2/10 full night s F L e O, g e s Sl e d

average seeing : 1.117 170 160 150 140 130 120
DDLC-1, DDLC-2, DDLC-3, MBCF1, MBCF2  r-, z-bands e
2/11 half night

average seeing : 0.84"

DDLC-1, DDLC-2, DDLC-3 r-band

2/12 half night

average seeing: 1.62”

DDLC-1, DDLC-2, DDLC-3 r-band

We lost 1.5 hours because of very high wind.




All data from May, August and October, 2020 have been

reduced, and analyzed.
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We found many moving objects!

e TNO
e Centaur
30 - o T
3 e Hilda
. e MBA
cat s NEA
201 1'~ o
E 10 1
% 0 So ol
g
_20_
_30_
~60 -50 ~40 ~30 -20 ~10 0
Motion along ecliptic longitude ("/hr)
FOSSIL found:
206 TNOs
779 JTs  We found 8289 moving

176 Hildas objects in 2020 data.
7106 MBAs °* We still have 2021 February

20 NEAs data.

A Trans - Neptunian Object discovered by FOSSIL on 21 August 2020.



Rotation periods

Mag

2075 234 [71503010109 2.5 [JTL504010083 To21 | 240 [JT505010598 568 JTL506010143 315 1095 [JT504010021 12.63 | 20-25 [1TI505010475 807 JTL507010026 1548
21.00 236 - i 243 ° 22.95 a o 22.65 2055
. o 231 op® 22.80 Y, 20.00 20.40 )
so oo % 2310 D . :
2125 238 . 234 ks 2 20.05 2070 ™~
sso| & a0 o z v 2325 o @" 95 o 2055
. 23.7 L 2340 23.10 d 20.10 20.85
2175 242 200 2325 2015 20.70
20.60 FFOSL01010051 4.92 23.85 fF0SL01010126 3.75 FOSL02010172 e FSAU01020062 4.82 20.48 20.25 FFOSL01010032 6.67 2128 FOSL01010197 4.78 FOSL02010048 10.67 FOSL01010164 7.38 FSAU01020051 15.24
- o
2065 |o 24.00 22.00 . ’. s 2050 o o 23.4 20.16 - 19.5 w
' & 2056 2136 | o0 236 196 o
20.70 o o @ |2a1s 2225 075 . X , 2024 & [ ]
L4 20.64 2 i Ol 238 o 19.7
2075 *ne® 22.50 ] o |2144 e, 20.32
[ . 24.30 & 21.00 g’ % | 20 A~ 108
20.80 2072 2152 -
24.45 2275 222 2125 20.40
1032 22.7 Frsau01020065 1032 | 2130 Mecalos020067 1920 ] 22.25 2092
22.05 22.20 21.55 228 233 FSAU01020065 10.32 17.70 FSAU01020128 FSAU03020130 17.45 FS0C01010122 4.59 @
2096 f3
22.20 2235 21.60 22.9 234 228 1rs 2145 2250 /' o
. 230 4 2275 21.00
22.35 22.50 o 21.65 235 229 / 21.60 L d
18.00 23.00 21.04
2250 2265 21.70 231 236 23.0 2175 W
2265 2175 232 237 1815 2325 21.08
[FEAU02020028 750 | 5550 [F5AU02020080 »3.» [F5AU02020525 573 ] 20.08 2232 [FSAU03020042 23.00 [F50C01010278 18,9 [F50C01010780 716 | 22 [FSOC01010838 387 | 234 [FSOC01011166 285 | 228 . .
216 T pe %] 20.16 2 ¥ oo ® 230
% S Nogey 22.75 %0, 236 - - 2240 2325 190 ¥ g0t | 231 29 Bop e
27 3 * o % s, . 240 s 20.24 248} * D o350 o sd 238 . ° 232
. ., { 23.00 o * y . o.. 2032 22.56 . g ars 19.1 “‘.‘ 234 :-. o o° g 234 PY
s 2325 ' 244 19.2 o 237 ¢ - . .
219 20.40 22.64 24.00 19.3 22 = p e r I O O r S a
21.18 FFSOC01010788 8.65 229 FS0C02010088 17.28 FFS0C02010143 8.57 FSOC02010227 7.22 208 FS0C02010071 6.36 2 . FS0C02010291 4.53 232 FS0C02010319 7.44 ,
2375 2124 "ﬁ. 230 fy ot e 1736 2225 oy 8 . 2180 fo o ol 3 40 . .
3, Py 22.50 210 () 229 02 Yoot | 234 244
24.00 21.30 o 231 & o4 R B ST ] ‘0-‘
L2 Se 17.44 2275 212 . 23.0 [AKPR ) 248
24.25 21.36 Y 232 . 21.90 . t K4 236
1752 23.00 214 231 M 252
21.42 233 :
24.50 g 232 2195 238 256 . .
00 02 04 06 08 10
22.40 FS0C02010293 4.23 ¢ 21.84 FFSOC03010130 4.03 23.0 fF50C03010153 FSOC03010176 6.19 FSOC02010504 3.62 20.2 FFSOC02010689 5.08 232 FSOC03010129 4.66 22.38 }FS0C03010137 2.80 2295 FSOC03010183 8.97
. hd 22.65 -
r248 L1 20, s q2192 [ .o of 231 '.g Pe "5. o >0 o 204 el e Py & 2240 N > B ’
& o < hd s S 22.80 A ! ¢ 020 ¥ 2310 R
» N 22.00 e e 232 % o . 1 N ¢ 206 723 2250 e * b .
22556 <* 4 o F . 2205 . 240 e %0 cos oY 2325
. 22.08 o 233 £ L ¥ 208 Y 22.56 ' A
22,64 24.4 23.40 -
22.16 2310 21.0 22.62
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
20.08 FSOC03010236 9.14 FSOC03010319 2.66 FSOC03010500 4.80 5.36
Phase “oof 2240 . 0se, 240 &,
2012 e ° | 2s g% of
o> a¢ .
2016 23.70 s 250 . 216 e
. 23.85 3 .
20.20 25.5 219
225 p———————————
555 22.0 FJTI506010005 793 (506010194 3 10,6 [TTL506010263 533 5 [TT506010358 5.08 00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
21.28 2.4 % 22.8
- 19.7
1ss o oteen,, Rl a1 Phase
o o 22.8 19.8 ., Id
21.44 ) ® & 234
232 19.9 *
2152 I* . 237
236 20.0
2375 23.00 22.8 [FosLo1010196 357 | 2101 101
24.00 2325 29F %<, .|
oy oy r
o e e - FOSSIL measured
21.10
24.50 23.75 23.1 oo -
2113
24.75 24.00 232
4 o Ll
20.40 22.02
FOSL01010669 536 | 2160 [FOSL01010692 244 FOSL02010203 6.40 FOSL02010037 2.03 . I c u rve s o S
.
21.68 be 2055 oy, oe| 2250 22.08 ol 1
s o .- o
276t 2070 7~ 2235 el B w%e °
. V. «%e i L
2184 5 2085 £ 22.60 2220 M ce ®e® o o -
£ ° .
1 - b . an etermine e
%% o
i . L
2.5 [FSAU01020025 490 FSAU01020038 393 FSAU01030234 575 | 2216 205 b s % §° 4
be 21.60 215 ooy s - - -
P “o . s 2224 —~ 10! 4 . o !
| D S : = hav g = SpINhiMito S can
21.75 Q
231 o 217 2232 207 < ° 3 ~
22.40 o w
234 ] 21.90 218 20.8
© o ® frast .
] 218 — [a e
S 19.14 [FSAU02020639 3.82 FSAU02030015 314 19.60 fFSAU02030223 . FSAU03020082 5.68 FSAU03020564 4.03 fa .
2024 22 °
19.20 800 © o 20 & roee . b, 20py P E . o © ... C
19.26 L J s 19.76 * 224 ) 222 . 04 a .
20.40 e » 226 2 F . P ° 0
19.32 3° 19.84 oo® . ¢ 224 X . L 10 n
2048 . .
19.38 19.92 228 22,6 . L
4 ° F .
18.4 }FSOC01010046 3.22 23.2 FFSOC01010275 6.44 225 FSOC01010279 6.04 21.20 }FSOC02010142 3.56 21.04 FS0C02010222
! L
[ 236 ogd o« 4 u I S e res u O
185 [@ee LSy s i 28 # s Y Def{ 21 ] . L
w6 © 3 240 K °% 230t e ° oo
- | Y o agn 231 9 P 21.20
187 - 244 * yaa v 2135 ¢ | ° -
248 -
188 21.40 228 ° r
-
20.50 1 e r
FSOC02010348 3.93 FSOC03010169 5.45 FSOC03010316 3.15 ) Y
2010 H °
™ | 2016 2075 P I T . 1 ® Known]Ts . . .
235 21.00 C o4 2245 X ¢ e E . - -—
2022 2125 b L IONY 44 FOSSIL JTs
24.0 . 22550 }. % > 1
20.28
ses ! 2150 2255 10 T T ———— T T — T
. 00 02 04 06 08 10 00 02 04 06 08 10 0 1 2
225 fF50C03010340 410 | 5,40 [FSOCO3010942 2.80 10 10 10 S ru C u re O r S y a u
228 P > i
4q, 205 Fom Diameter (km)
231 ; el
- 23.10 .
234 oo -
2325 ce —
237 ~
00 02 04 06 08 10 00 02 04 06 08 10

Phase

revious work with other telescopes.

These results are presented in the following poster. Chang, Chan-Kao et al., 2021, in preparation

p05] FOSSIL Phase | -- Rotation Periods of Jupiter Trojans and Hildas Chan-Kao Chang



From the preliminary analysis, two fast rotator candidates happened
to be discovered in the TNO population.

P=1.7 hr
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Their rotation is relatively fast, but we are waiting for followup observation.
Average rotation period of TNOs = 8.5 hr

We submitted a proposal to Gemini Fast Turnaround program.
The Proposal has been accepted. We are now waiting for Gemini to
execute our observation.

0.0 0.2



Summary

T e

We will have the second FOSSIL meeting
including new members in 2021.

In a word, the observation in 20A and 20B provided a good data.

The analysis of the 2020’s data has done just last month. The first
results are the spin limit and low bulk density of Jupiter Trojans.

The catalog of detected moving objects will be shared within our team
soon. Members would produce papers on the size distribution of TNO
sub-groups, investigation of Kuiper belt Cliff, rotation period of Hilda,
detection of mainbelt comet, ... etc.

FOSSIL team is consisted of not only observers but also researchers
working on planetary formation theory and celestial mechanics. So
FOSSIL contributes to develop new Solar System evolution model soon.
COVID-19 gave us a large amount of change of observation schedule.
We missed opportunities to obtain colors of Jupiter Trojans. We
definitely need more observations to investigate colors of small solar
system. So, we propose next FOSSIL observation: FOSSIL Phase-lI,
whose main objective is a survey of the icy bodies in the multi color
mode.



