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Abstract

Cladistics is a multivariate analysis technique most of-
ten used in the biological sciences. Recent advances
have brought this method to Astronomy, forming a
new discipline, Astrocladistics. The technique uses
clustering analysis to link closely related objects, and
presents the resulting hypothetical relationships based
on their characteristics. We apply Astrocladistics to
the Jovian Trojans, a population known to contain at
least six collisional families, to further demonstrate the
technique in the planetary sciences. Through this anal-
ysis, we can incorporate dynamical information, as
well as datasets from three surveys, WISE, SDSS and
Gaia DR2, without truncating datasets. The resulting
dendritic trees identify members of existing collisional
families, and can be compared with other taxonomic
systems. This is preparation for the future datasets,
including the release of Gaia DR3 and other next gen-
eration surveys, such as LSST.

1. Introduction
Modern cladistics began in the mid 20th century [4]
and rapidly became the methodology of choice for bi-
ological taxonomy. Today, the discipline has expanded
to include genetic analysis, with large datasets giv-
ing us a clear understanding of the ‘Tree of Life’ [6].
There have been recent efforts to expand the cladisti-
cal technique into Astronomy, collectively called ‘As-
trocladistics’ [1]. These works include investigations
into the satellite systems of Jupiter and Saturn [5]. In
order to expand the use of Astrocladistics in planetary
sciences, we chose the Jovian Trojans as a test case
for the technique. The Jovian Trojans are a population
of approximately 7000 known small bodies, located at
the L4 and L5 Lagrange points of Jupiter. Within the
two swarms, six collisional families have been iden-
tified [10], four in the L4 swarm and two in the L5
swarm.

2. Astrocladistical methodology
Astrocladistical methodology begins with the creation
of a 2D matrix. In the rows are the objects of inter-
est, in this case the Jovian Trojans, with each column
representing a specific characteristic. The characteris-
tics are the dynamical proper elements (∆a, e & sin-i)
[8], calculated librations, geometric albedo and col-
ors from three surveys, WISE [3], SDSS [7] and Gaia
DR2 [12]. Characteristics for each Trojan are binned
and coded, with incomplete data accounted for with a
?. In total there are 349 L4 Trojans and 351 L5 Trojans
analysed, selected for having data in at least one of the
surveys. Once constructed, a block of 10,000 equally
parsimonious trees are generated using TNT [2]. A
consensus of the trees [9] then represents the hypothe-
sised relationships between the Jovian Trojans.

3. L4 and L5 Trees
In each of the L4 and L5 consensus trees, the respec-
tive identified families can be seen. We show the ex-
ample of the extended Eurybates family in figure 1.
The core family is identified, with the rest of the ex-
tended family shown. Within this extended family,
new groupings may be seen, for example around 9817
Thersander, that have not been previously identified.

4. Future Work
Astrocladistics can be used to combine the analysis of
disparate survey databases. As we move into the new
era of large sky surveys, the technique could be used
to analyse even larger datasets. Gaia DR3, which is
to be released in late 2021, will incorporate more col-
ors and a wider range of Solar system objects. LSST
[11], which is to gain first light in 2020 will provide a
plethora of information regarding estimations of mil-
lions of Solar system objects. Astrocladistics, being
parallelizable on HPC systems [2], is well suited to
these large forms of data analysis.
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5. Summary and Conclusions
Cladistics is traditionally used to study the relation-
ships between organisms. We expand the use of the
technique in the planetary sciences, specifically the
Jovian Trojans, adding to the field of Astrocladistics.
By incorporating data from three surveys, WISE [3],
SDSS [7] and Gaia DR2 [12] we can improve our un-
derstanding of these objects. This work establishes a
framework for the technique that could be used in the
next generation of surveys, including LSST [11].
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  5652 Amphimachus (1992 HS3)
 20144 (1996 RA33)
  2148 Epeios (1976 UW)
 37710 (1996 RD12)
 13387 Irus (1998 YW6)
 24486 (2000 YR102)
 63265 (2001 CP12)
 83975 (2002 AD184)
 21284 Pandion (1996 TC51)
 15521 (1999 XH133)
 13182 (1996 SO8)
 83978 (2002 CC202)
 11668 Balios (1997 VV1)
 63290 (2001 DS87)
 24534 (2001 CX27)
 12972 Eumaios (1973 SF1)
 22056 (2000 AU31)
 41268 (1999 XO64)
 20716 (1999 XG91)
 21595 (1998 WJ5)
  4834 Thoas (1989 AM2)
 13782 (1998 UM18)
  2759 Idomeneus (1980 GC)
 13183 (1996 TW)
 39369 (2002 CE13)
 20428 (1998 WG20)
 23119 (2000 AP33)
 37301 (2001 CA39)
 37297 (2001 BQ77)
  5028 Halaesus (1988 BY1)
 22054 (2000 AP21)
  3063 Makhaon (1983 PV)
 24505 (2001 BZ)
160135 (2000 YB131)
 12238 Actor (1987 YU1)
 35272 (1996 RH10)
 65257 (2002 FU36)
  3709 Polypoites (1985 TL3)
 18062 (1999 XY187)
 13362 (1998 UQ16)
 36259 (1999 XM74)
135547 (2002 EN14)
 30102 (2000 FC1)
 59049 (1998 TC31)
 13353 (1998 TU12)
 15536 (2000 AG191)
  4060 Deipylos (1987 YT1)
160534 (1996 TA58)
   659 Nestor (1908 CS)
 22059 (2000 AD75)
 38619 (2000 AW183)
 23075 (1999 XV83)
 33822 (2000 AA231)
  5259 Epeigeus (1989 BB1)
  5283 Pyrrhus (1989 BW)
 89829 (2002 BQ29)
   588 Achilles (1906 TG)
 23152 (2000 CS8)
 55571 (2002 CP82)
116954 (2004 HS1)
168033 (2005 JJ143)
  3794 Sthenelos (1985 TF3)
 15033 (1998 VY29)
 22203 Prothoenor (6020 P-L)
 89844 (2002 CP64)
 36267 (1999 XB211)
 90337 (2003 FQ97)
162861 (2001 DY103)
 11395 (1998 XN77)
166148 (2002 EU14)
 25895 (2000 XN9)
 15527 (1999 YY2)
 23480 (1991 EL)
 24312 (1999 YO22)
  3564 Talthybius (1985 TC1)
 23382 Epistrophos (4536 T-2)
 58479 (1996 RJ29)
161027 (2002 FM38)
 22055 (2000 AS25)
128383 (2004 JW52)
 79444 (1997 UM26)
 10989 Dolios (1973 SL1)
  3793 Leonteus (1985 TE3)
  4063 Euforbo (1989 CG2)
 16974 (1998 WR21)
 17351 Pheidippos (1973 SV)
 38617 (2000 AY161)
 38621 (2000 AG201)
 21372 (1997 TM28)
 36271 (2000 AV19)
 63210 (2001 AH13)
 39293 (2001 DQ10)
 89871 (2002 CU143)
 22052 (2000 AQ14)
161044 (2002 GG181)
 24882 (1996 RK30)
 63272 (2001 CC49)
 13372 (1998 VU6)
 22009 (1999 XK77)
  9713 Oceax (1973 SP1)
161020 (2002 EK158)
 23706 (1997 SY32)
  1143 Odysseus (1930 BH)
  1647 Menelaus (1957 MK)
 12974 Halitherses (1973 SB2)
 13475 Orestes (1973 SX)
  5123 (1989 BL)
 13366 (1998 US24)
 58473 (1996 RN7)
  9807 (1997 SJ4)
 65134 (2002 CH96)
  5436 Eumelos (1990 DK)
 89858 (2002 CK96)
  9712 Nauplius (1973 SO1)
 65583 Theoklymenos (4646 T-2)
 12921 (1998 WZ5)
  5025 (1986 TS6)
 63257 (2001 BJ79)
 63292 (2001 DQ89)
 24390 (2000 AD177)
 24498 (2001 AC25)
 14690 (2000 AR25)
 42179 (2001 CP25)
  5244 Amphilochos (1973 SQ1)
 65225 (2002 EK44)
  9818 Eurymachos (6591 P-L)
 22404 (1995 ME4)
 24485 (2000 YL102)
 39278 (2001 BK9)
 24225 (1999 XV80)
  5023 Agapenor (1985 TG3)
 38600 (1999 XR213)
  7152 Euneus (1973 SH1)
 38052 (1998 XA7)
163155 (2002 CL130)
162811 (2001 AG51)
 11252 Laertes (1973 SA2)
 13379 (1998 WX9)
 22008 (1999 XM71)
 24508 (2001 BL26)
 89924 (2002 ED51)
  4138 Kalchas (1973 SM)
 21370 (1997 TB28)
  5012 Eurymedon (9507 P-L)
  4057 Demophon (1985 TQ)
 15529 (2000 AA80)
 12714 Alkimos (1991 GX1)
  4007 Euryalos (1973 SR)
136557 Neleus (5214 T-2)
  4035 (1986 WD)
 39264 (2000 YQ139)
  7543 Prylis (1973 SY)
 38614 (2000 AA113)
 65000 (2002 AV63)
 80302 (1999 XC64)
 65209 (2002 DB17)
  2456 Palamedes (1966 BA1)
130190 (2000 AG90)
  4068 Menestheus (1973 SW)
 42554 (1996 RJ28)
  1404 Ajax (1936 QW)
  4086 Podalirius (1985 VK2)
 24537 (2001 CB35)
 18063 (1999 XW211)
  3596 Meriones (1985 VO)
 55568 (2002 CU15)
 15440 (1998 WX4)
114710 (2003 GX7)
   911 Agamemnon (1919 FD)
 32498 (2000 XX37)
163702 (2003 FR72)
  4489 (1988 AK)
 25911 (2001 BC76)
  7119 Hiera (1989 AV2)
  9857 (1991 EN)
 23135 (2000 AN146)
 55578 (2002 GK105)
  2797 Teucer (1981 LK)
  1868 Thersites (2008 P-L)
  4946 Askalaphus (1988 BW1)
 15398 (1997 UZ23)
 24244 (1999 XY101)
  5027 Androgeos (1988 BX1)
 63294 (2001 DQ90)
 36279 (2000 BQ5)
 51378 (2001 AT33)
 55563 (2002 AW34)
 24403 (2000 AX193)
 11429 Demodokus (4655 P-L)
  6090 (1989 DJ)
  2920 Automedon (1981 JR)
 41379 (2000 AS105)
  3801 Thrasymedes (1985 VS)
 42367 (2002 CQ134)
  1583 Antilochus (1950 SA)
  5285 Krethon (1989 EO11)
 12916 Eteoneus (1998 TL15)
  9431 (1996 PS1)
   624 Hektor (1907 XM)
 22035 (1999 XR170)
 65194 (2002 CV264)
 24275 (1999 XW167)
 31835 (2000 BK16)
 38606 (1999 YC13)
 23285 (2000 YH119)
 24357 (2000 AC115)
 24506 (2001 BS15)
  6545 (1986 TR6)
  8125 Tyndareus (5493 T-2)
 14235 (1999 XA187)
 37298 (2001 BU80)
 20995 (1985 VY)
  4543 Phoinix (1989 CQ1)
 43706 Iphiklos (1416 T-2)
 21601 (1998 XO89)
  1437 Diomedes (1937 PB)
 11397 (1998 XX93)
 15539 (2000 CN3)
 53436 (1999 VB154)
137879 (2000 AJ114)
 13463 Antiphos (5159 T-2)
 15535 (2000 AT177)
  1749 Telamon (1949 SB)
 24530 (2001 CP18)
 65224 (2002 EJ44)
 22149 (2000 WD49)
  3540 Protesilaos (1973 UF5)
 13060 (1991 EJ)
  4836 Medon (1989 CK1)
 
 
 
 

Other L4 Trojans

101466 (1998 WJ15)
 43212 (2000 AL113)
 14268 (2000 AK156)
 24531 (2001 CE21)
 24341 (2000 AJ87)
  9817 Thersander (6540 P-L)
 53477 (2000 AA54)
107004 (2000 YC112)
 24380 (2000 AA160)
  3548 Eurybates (1973 SO)
  5041 Theotes (1973 SW1)
  4501 Eurypylos (1989 CJ3)
 21900 Orus (1999 VQ10)
  5258 (1989 AU1)
111932 (2002 GG33)
 12917 (1998 TG16)
  8060 Anius (1973 SD1)
 18060 (1999 XJ156)
 28958 (2001 CQ42)
 24426 (2000 CR12)
 10664 Phemios (5187 T-2)
111805 (2002 CZ256)
 39285 (2001 BP75)
 19725 (1999 WT4)
 21271 (1996 RF33)
 15094 Polymele (1999 WB2)
 23144 (2000 AY182)
 38607 (2000 AN6)
  3391 Sinon (1977 DD3)
 42230 (2001 DE108)
129602 (1997 WA12)
 63291 (2001 DU87)
 24420 (2000 BU22)
 13383 (1998 XS31)
  7214 Anticlus (1973 SM1)
 24233 (1999 XD94)
 23963 (1998 WY8)
166285 (2002 GY127)
 65232 (2002 EO87)
  1869 Philoctetes (4596 P-L)
 16152 (1999 YN12)
 63202 (2000 YR131)
 13184 Augeias (1996 TS49)
 42168 (2001 CT13)
 38574 (1999 WS4)
 39692 (1996 RB32)
 63259 (2001 BS81)
 24539 (2001 DP5)
 42403 Andraimon (6844 P-L)
 63286 (2001 DZ68)
  8241 Agrius (1973 SE1)
  8317 Eurysaces (4523 P-L)
  9590 (1991 DK1)
 19913 Aigyptios (1973 SU1)
 57920 (2002 EL153)
161017 (2002 EP106)
 18263 Anchialos (5167 T-2)
 23123 (2000 AU57)
  5209 (1989 CW1)
 11351 Leucus (1997 TS25)
 12658 Peiraios (1973 SL)
 83977 (2002 CE89)
 35673 (1998 VQ15)
 23939 (1998 TV33)
 13062 Podarkes (1991 HN)
 14707 (2000 CC20)
 21593 (1998 VL27)
 15651 Tlepolemos (9612 P-L)
 13331 (1998 SU52)
107804 (2001 FV58)
 13694 (1997 WW7)
  9694 Lycomedes (6581 P-L)
 39287 (2001 CD14)
103508 (2000 BV1)
111785 (2002 CQ186)
 23126 (2000 AK95)
 13230 (1997 VG1)
 22049 (1999 XW257)
 17874 (1998 YM3)
 10247 Amphiaraos (6629 P-L)
103989 (2000 DC94)

Figure 1: Consensus tree showing extended Eurybates
family. Identified members shown in green, with the
core family highlighted. A potential Thersander group
is highlighted in blue. Numbers at each node represent
the frequency of the branch in the tree block.
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