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Abstract

Using the Secular Light Curve (SLC) formalism (Ferrin, 2010), we have catalogued
88 probable members of the Taurid Complex (TC). 51 of them have useful SLCs and 34 of
these (67%) exhibit cometary activity. This high percentage of active asteroids gives support
to the hypothesis of a catastrophe that took place during the Upper Paleolithic (Clube and
Napier, 1984), when a large short-period comet, arriving in the inner Solar System from the
Kuiper Belt, experienced, starting from 20 thousand years ago, a series of fragmentations that
produced the present 2P/Encke comet, together with a large number of other members of the
TC. The fragmentation of the progenitor body was facilitated by its heterogeneous structure
(very similar to a rubble pile) and this also explains the current coexistence in the complex
of fragments of different composition and origin. We have found that (2212) Hephaistos and
169P/NEAT are active and members of the TC with their own sub-group. Other components
of the complex are groups of meteoroids, that often give rise to meteor showers when they
enter the terrestrial atmosphere, and very probably also the two small asteroids that in 1908
and 2013 exploded in the terrestrial atmosphere over Tunguska and Chelyabinsk,
respectively. What we see today of the TC are the remnants of a very varied and numerous
complex of objects, characterized by an intense past of collisions with the Earth which may
continue to represent a danger for our planet.
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1. Introduction

According to the Whipple’s (1967) original proposal, the unusual and odd comet
2P/Encke (hereinafter 2P) is the main source of a complex system of massive meteor
showers, collectively called Taurids, and also the main contributor to the zodiacal cloud.
Based on this association between 2P and all these showers, Clube and Napier (1984)
developed the Taurid-Complex (TC) giant comet hypothesis. This hypothesis proposes that
a giant comet, of ~100 km in diameter (comparable to that of a typical Kuiper Belt Object),
fragmented 10-20 ky ago, producing a complex of dust, meteor streams and relatively large
bodies (including 2P). Clube and Napier (1984) also concluded that the Tunguska event of
June 30th, 1908, was related to a member of this group.

In the literature the date proposed for the cataclysmic event that gave origin to the TC
1s approximately constraint by dynamic considerations. It varies between 20,000 and 30,000
years BP, depending on the dynamic models (Clube & Napier, 1984; Asher & Clube, 1993;
Seargent, 2017): much more than that and now the TC would have been already dispersed,
having completely lost the current partial compactness; much less than that and the TC would
be much more compact than present.

According to Clube and Napier (1984) the most recent glaciation on Earth which
began around 22,000 BP, was closely related to the supposed catastrophic event, due to the
influx of cosmic material produced by the fragmentation.



Asher and Clube (1993) further developed this idea concluding that many of these
near-Earth objects were trapped in the 7:2 mean motion resonance with Jupiter which gave
them orbital stability.

Tomko and Neslusan (2019) found that 17 meteor showers reported in the [AU-MDC
list of all showers, were dynamically related to 2P, implying significant meteoroid activity.
In Sect. 4.4 we will show that in 2020 thirty showers associated to the TC have been identified
in the IAU Meteor Showers database. This is a remarkable number.

Tubiana et al. (2015) could not find an agreement between the spectra of the Maribo
and Sutter’s Mill meteorites and 2P who have similar orbits. However, they cannot rule out

a connection as the spectral differences may be caused by secondary alteration of the surfaces
of the NEOs.

It is important to note that 2P should not be the only “traditional comet” originated
by the fragmentation of a primeval parent body. By “traditional comet” we mean an object,
with a carbonaceous/organic crust surrounding a mainly icy body, characterized by periodic
or occasional emission of volatiles from the interior, through fractures in the crust.
According to some authors (see Seargent, 2017, for a review), other three comets are
members of the TC: D/1766 G1 (Helfenzrieder), 169P/NEAT, and P/2003 T12, with orbital
parameters similar to those of the TC.

Two other interesting comets in this respect are C/1833 S1 (Dunlop) and C/1966 T1
(Rudnicki). The former is listed in the MPC database as parabolic with e = 1.0. However,
Seargent (2017), reporting a former orbital analysis made by Shulhof in 1888, suggests that
this comet could have an elliptic orbit. A small inclination (i=7.3°), a very short period of 3.5
years and its value of the longitude of perihelion, are all consistent with a TC membership,
not with an Oort Cloud object. The confusion arises because there are only 15 observations
of the object. Due to these uncertainties, this comet has not been included in our sample.

On the other hand comet Rudnicki was probably linked to the TC (Olsson-Steel, 1987;
Ziolkowsky, 1988, 1990). In particular, Ziolkowsky (1990) found that this object - due to a
recent planetary perturbation - has now a slightly hyperbolic orbit, but in the past it was a
periodic comet. In any case, at present comet Rudnicki is not a member of the TC and for
this reason it has not been considered in our analysis.

What the present work points out, is that a large fraction (67%) of probable members
of the TC with useful photometric data, show low level cometary activity, and that these
members are related photometrically and dynamically. It looks like they are pieces of a much
larger object that disintegrated long time ago.

It is interesting to notice that, as discussed before, the TC has 4 recognized bona fide
comets as members: 2P/Encke, 169P/NEAT, P/2003 T12 and D/1766 G1 (Helfenzrieder). So
it would not be surprising if there were more additional members with lower activity. In fact,
that is expected. Furthermore, since solar insolation peaks at perihelion, it is also expected
that any activity of an asteroid will show up at or near perihelion. This is also expected and
confirmed.



2. Membership

The first step of our investigation was to determine membership into the Complex.
To that goal we applied the often adopted modified D criterion (Southworth and Hawkins,
1963; Steel, Asher and Clube, 1991; Asher, Clube and Steel, 1993a; 1993b) to more than 140
candidates proposed in 14 works (Davies, 1986; Napier, 2010; Spurny et al., 2017; Asher
and Clube, 1993; Ziolkowski, 2002; Jenniskens and Jenniskens, 2006; Babadzhanov et al.,
2008; Popescu et al., 2014; Porubcan, Kornos and Williams, 2006; Olech et al., 2016; Jopek,
2011; Dumitru et al., 2017; Tubiana et al., 2015; Seargent, 2017). Even if in some of the
previous works the membership to the TC has been assessed with the same criterion, we
decided in any case to repeat the test using the updated orbital parameters of the proposed
objects.

According with the modified D criterion, a celestial body with orbital parameters a
(semi-major axis), e (eccentricity) and 7 (inclination), is a member of a group of objects (in
the sense that it has a similar orbit to the rest of the group, suggestive of a common origin),
if:

\/(‘1_3&)2 + (e — eg)? + (2 sin%)2

Here ar = 2.1 au, ex = 0.82, and iz = 4.0° are reference values, universally adopted in the
literature when the D criterion is applied to the TC. They represent the average of the orbital
parameters of the various meteoroid streams belonging to the complex (Steel, Asher and
Clube, 1991). D¢ is the cutoff value for the membership. Obviously it is a crucial parameter
to assess whether an object belongs to the group. In this paper we use D.= 0.25 in complete
agreement with a long series of works on the TC (Olsson-Steel, 1987; Asher, Clube and Steel,
1993b; Babadzhanov, 2001; Babadzhanov, Williams and Kokhirova, 2008; Valsecchi,
D’Abramo and Boattini, 2015).

IA

D, .

This criterion is modified with respect the original one, proposed by Southworth and
Hawkins (1963), which takes also into consideration the other angular parameter, the
longitude of perihelion (m). However, according to Asher, Clube and Steel (1993a; 1993b),
“the longitude term should not be included because, whilst appropriate for many (narrow)
streams, the Taurids have been widely dispersed in longitude, predominantly by Jovian
perturbations, and therefore a conventional longitude term in the D-criterion would have too
large a contribution.”

It is worthwhile to note the condition D < D. defines obviously a sharp boundary
between members and non-members of a group, a situation that very rarely occurs in nature.
Actually, mainly due the uncertainties on the orbital parameters of the objects and on the
ones used as reference, the membership has to be assessed using a probabilistic approach. In
other words, for a given object, the larger D is than D., the greater the probability that that
object is not a member. This being the case, it is not reasonable to exclude from the TC an
object i.e. with D =0.27. On the contrary, for an object i.e. with D =0.33 one can says with



an excellent degree of reliability that it is not a TC member. For these reasons, we consider
all the objects with D between 0.25 and, let say 0.30 (an upper limit suggested by Porubcan,
Kornos and Williams, 2006), as probable members to the TC, with their membership to the
complex that is more or less uncertain depending on the deviation of D from D..

Table 1 lists some orbital and photometric parameters of the 88 out of 141 objects
that satisfy the modified D criterion. In Tables 2, 3 and 4, we report the orbital parameters,
along with the D parameter, of the selected objects, grouped according to their activity status,
or to the lack of photometric data. We note that, in the case of 2P D = 0.14, which results
from: a=2.22 au, e =0.85,and 1 = 11.8°.

As shown by the D parameter listed in these tables, only two bodies of our sample
have 0.25 < D <£0.30, so that, according the above discussion, we consider them as probable
members to the TC, while for the remaining 86 objects one can says with an excellent degree
of reliability that they belong to the complex.

This is, for example, the case of the asteroid 2004 TG10, whose orbit, according to
Jenniskens and Jenniskens (2006), is similar to those of the Northern Taurid stream (see Sect.
4.4), and is characterized by one of the lowest D values of all the sample (0.06). As discussed
in the next section, we tested this object for cometary activity and it gave a positive result.
We also measured the phase coefficient finding B = 0.063 very similar to the value found for
comet 2P (0.066 — Ferrin, 2008). Only those two objects show such a large value of this
coefficient, linking them in their surface scattering properties.

Our selection allowed us to define the limits of the distributions of the various orbital
parameters, and compare them with the limits of other authors (Table 5). Of particular interest
is the distribution of the longitude of perihelion, defined as:

o=Q+tw

where Q is the longitude of the ascending node and o is the argument of perihelion. The
distribution of the parameter @ (shown in Figure 1) deserves a special attention. In fact, the
longitude of perihelion, for the reasons discussed above, does not contribute to the D
criterion; however, for the various members of the complex, despite the perturbations, it is
not reasonable to expect a random trend in their values of @, but rather a certain tendency to
place themselves preferentially close to a given reference value. In analogy with what was
discussed before, this reference value is the average of the longitudes of perihelion of the
various meteoroid streams belonging to the complex, given by a@x= 140° (Steel, Asher and
Clube, 1991; Asher, Clube and Steel, 1993a). Comet 2P has instead @ = 161°, which
interestingly coincides with the average longitude of perihelion of the whole sample (see
Table 5).

Actually, we have found that the values of @ of the sample are not randomly
distributed, since the average of the absolute values of their differences with respect to @x is
equal to 52°, significantly different from 90°, which is the average value expected in case of
arandom distribution (Napier, 2010). This confirms the conclusion arising from the modified
D criterion that the selected objects are actually members of the TC.



Going back to Table 5, the reported discrepancies between our data and those
obtained by the other authors are most probably due to the different size of the analyzed
samples. For example, Napier (2010) listed 19 members of the TC. In our work, of the 141
objects tested, 88 passed the D criterion. An interesting case concerns the lower limit of the
longitude of perihelion, that in the present work is equal to 6°, significantly smaller than the
one (64°) found by Napier (2010).

One might wonder if an object with such a low value of ®, and so far from the
minimum value found by Napier (2010), can be considered a plausible TC member. We think
so. For example, it would seem strange to exclude from the TC a body like (2101) Adonis,
which has a D value among the lowest of the sample, only because its longitude of perihelion
value (@ = 34°) is very far from the lower limit of the sample studied by Napier (2010). What
can be said is that probably this body was expelled long ago from the original body or has
experienced more intense perturbations so that its semi-major axis has undergone a great
precession compared to the others.

In Figure 2 we plot the location of the TC members in the phase space e vs a. The TC
occupies a small area of the diagram.

Table 1. Orbital and photometric properties of 88 TC candidates, taken from various sources,
that satisfy the modified D criterion (see text). The third column lists the number of
observations available for each object, as reported by the Minor Planet Center (MPC)
database (Holman, 2018). The fourth column classifies the object, according to its activity
status, as active (+), inactive (-) or with not enough observations (N). The fifth column reports
the amplitude of the SLC (Asec) in magnitudes, the sixth gives the duration of the active
period (Ata) in days, the seventh the orbital period (Por) in years, the eighth the perihelion
distance (q) in au, the ninth gives the visual absolute magnitude (mv(1,1,0)), the tenth gives
the visual absolute magnitude Hy from MPC, and in last column the phase coefficient () in
mag/°. The quantities Asec, Ata, my(1,1,0), and  have been determined in the present work.

Object MPC | Act. | Asec Ata Porb q my(1,1,0) Hv B
Nobs | stat. | [mag] [d] [y] [au] MPC | [mag/°]
Oa 2P/Encke Source 1 5052 + -7.20 181 3.30 0.33 15.49 - 0.066
0b 2P/Encke Source 2 -——- + -3.00 815 3.30 4.09 15.49 - 0.066

1 (2101) Adonis 131 + -2.90 290 2.57 0.44 19.0 18.8 -
2 (2201) Oljato 957 + -0.79 462 3.21 0.62 14.92 152 | 0.0344
3 (2212) Hephaistos 2502 + -0.60 300 3.17 0.35 12.65 13.8 | 0.0375
4 (4183) Cuno 2086 + -0.70 120 2.79 0.73 13.60 14.4 | 0.0340
5 (4197) 1982 TA 835 - -——- 3.48 0.52 14.11 16.6 | 0.0353
6 (4341) Poseidon 520 - - -——- 2.49 0.59 15.25 159 | 0.0367
7 (4486) Mithra 763 + -0.60 470 3.19 0.74 15.15 15.6 | 0.0335
8 (5143) Heracles 2731 + -0.75 140 2.48 0.42 13.00 14.0 | 0.0400
9 (5731) Zeus 563 + -0.50 220 3.41 0.78 15.00 15.6 | 0.0377
10 (6063) Jason 1166 + -0.80 490 3.29 0.52 15.75 159 | 0.0281
11 (8201) 1994 AH2 751 + -0.40 150 4.04 0.74 15.42 15.7 0.0313
12 (16960) 1998 QS52 1167 + -1.00 231 3.27 0.31 14.00 14.3 0.0314
13 (17181) 1999 UM3 243 + -0.72 215 3.65 0.78 16.66 16.4 | 0.0224




14 (30825) 1990 TG1 1206 + -0.44 | 210 3.81 0.78 14.43 14.7 | 0.0332
15 (69230) Hermes 1030 + -0.55 190 2.13 0.62 16.7 17.5 | 0.0376
16 (85182) 1991 AQ 351 + -0.50 | 250 3.31 0.50 16.95 17.1 | 0.0333
17 (85713) 1999 SS49 542 - — — 2.67 0.79 15.27 15.6 | 0.0322
18 (100004) 345 + -0.30 100 4.19 0.78 15.5 16.3 | 0.0450
19 (106538) 355 + -0.50 | 320 3.78 0.57 15.80 16.2 | 0.0309
20 (139359) 2001 ME1 697 + -0.45 140 4.27 0.34 15.75 16.4 0.045
21 (153792) 90 + -1.00 50 3.04 0.54 17.86 18.2 | 0.0397
22 (154276) 642 + -0.60 42 2.23 0.53 16.50 17.6 | 0.0450
23 (162195) 143 + -0.65 40 2.02 0.36 19.25 19.2 | 0.0250
24 (162210) 1999 SMS5 200 - — — 3.49 0.70 17.80 19.1 | 0.0392
25 (162695) 2000 UL11 110 - — — 3.09 0.77 18.90 20.1 | 0.0464
26 (189008) 449 + -0.64 124 3.19 0.44 16.09 16.3 | 0.0321
27 (192642) 560 + -0.54 53 4.30 0.61 15.50 16.3 | 0.0475
28 (217628) Lugh 121 N | - | - 4.08 076 | --—-- 16.6 | ---—--—---
29 (252091) 2000UP3 350 + -0.60 175 3.38 0.54 16.60 17.1 | 0.0355
30 (269690) 240 - — — 2.83 0.79 18.45 18.4 | 0.0263
31 (285540) 2000 GU127 300 - — — 3.04 0.57 17.75 18.5 | 0.0392
32 (297274) 1996 SK 380 - — — 3.80 0.50 16.20 16.8 | 0.0333
33 (306367) 5025 P-L 111 - — — 4.03 0.65 15.39 15.6 | 0.0344
34 (312942) 1995 EK1 300 - — — 3.40 0.51 16.70 17.3 | 0.0401
35 (380455) 2003 UL3 84 + -0.80 | 230 3.36 0.45 17.50 17.9 | 0.0424
36 (382395) 1990 SM 85 N — — 3.06 0.50 — 16.2 —
37 (405212) 241 + -0.65 220 1.61 0.37 18.50 18.0 | 0.0168
38 (408752) 1991 TB2 118 N — — 2.93 0.42 — 17.0 —
39 (446791) 1998 SJ70 150 N — — 3.35 0.66 — 18.3 -
40 (452639) 77 N — — 3.39 0.29 — 18.2 —
41 (488453) 1994 XD 250 - — — 3.35 0.66 18.25 19.1 | 0.0446
42 (503941) 2003 UV11 916 + -0.60 70 2.56 0.34 18.50 19.5 | 0.0450
43 1991 BA 7 N — — 3.17 0.71 — 28.6 —
44 1991 GO 91 N — — 2.67 0.66 — 20.0 —
45 1995 CS 14 N — — 2.70 0.44 — 25.5 —
46 1995 FF 13 N — — 3.51 0.67 — 26.5 —
47 1997 GL3 200 + -0.45 30 3.44 0.49 18.45 19.1 | 0.0373
48 1998 VD31 184 N — — 4.32 0.51 — 19.4 —
49 1998 BY7 39 N — — 2.87 0.79 — 21.5 —
50 1999 SJ10 35 N — — 3.13 0.62 — 19.4 —
51 1999 TT16 189 - — — 3.17 0.73 18.75 19.8 | 0.0605
52 1999 VK12 16 N — — 3.33 0.50 — 23.7 —
53 1999 VR6 154 + -0.80 110 3.25 0.53 20.90 20.8 0.035
54 1999 XK136 100 N — — 3.67 0.71 — 20.3 —
55 2000 EU70 90 - — — 3.31 0.52 18.90 18.9 | 0.0157
56 2000 GW127 78 N — — 3.04 0.57 18.17 19.4 0.060
57 2000 VZ44 12 N — — 3.00 0.54 — 21.0 —
58 2000 XJ44 23 N — — 3.11 0.62 — 20.2 —
59 2001 CA21 9 N — — 3.06 0.36 — 18.6 —
60 2001 FAS8 90 - — — 3.40 0.63 21.50 214 | 0.0129
61 2001 QE34 300 + -0.70 30 3.17 0.57 18.35 19.0 | 0.0427
62 2001 QJ96 76 N — — 2.01 0.32 — 22.1 —
63 2001 UX4 118 N — — 2.26 0.43 — 19.1 —
64 2001 QO142 39 N — — 3.11 0.54 — 19.3 —
65 2002 XM35 9 N — — 3.60 0.37 — 23.0 —
66 2003 SF 68 N — — 3.18 0.48 — 19.8 —
67 2003 WP21 35 N — — 3.39 0.49 — 21.8 —




68 2004 TG10 95 + 0.85 — 334 | 031 18.75 19.4 | 0.0625
69 2005 NX39 72 N o S 3.88 0.31 o 19.7 o
70 2005 TB15 144 N e 244 | 044 -—-- 19.5 -—--
71 2005 TF50 48 N o S 3.43 0.30 o 20.3 o
72 2005 UR 74 N o S 339 | 0.27 o 21.6 o

73 2006 SO198 26 - o S 2.83 0.26 19.52 23.9 0.050
74 2007 UL12 191 N o S 2.75 0.38 o 21.1 o

75 2007 RU17 390 - o S 2.91 0.35 17.55 18.1 | 0.0368
76 2010 TU149 101 N o S 3.27 | 0.38 o 20.7 o

77 2011 UD 120 + -0.70 12 290 | 044 20.25 20.7 | 0.0375

78 2011 TC4 133 - o S 2.57 | 042 19.90 20.3 | 0.0344
79 2012 UR158 134 N e 3.35 0.32 -—-- 20.7 -—--
80 2014 NK52 34 N e 3.26 | 0.36 -—-- 21.3 -—--
81 2015 TD144 122 N -—-- -—-- 2.78 0.48 22.5 22.6 -—--
82 2015 TX24 59 N -—-- -—-- 3.41 0.29 -—-- 21.5 -—--
83 2015 VH66 45 N -—-- -—-- 344 | 0.35 -—-- 20.1 -—--
84 2016 SL2 26 N - -—-- 2.95 0.47 o 25.4 o
85 2016 VK 36 N - -—-- 2.38 0.39 o 22.4 o
86 D/1766 G1 0 + - - 4.35 0.41 - - -

(Helfenzrieder)

87 169P/NEAT 1250 + -7.20 98 420 | 0.60 15.3 -—-- 0.0348
88 P/2003 T12 287 + -—- -—-- 4.16 | 0.60 19 -—-- -—--

Averages -0.87 191 3.15 0.49 16.62 18.80 | 0.035

+0.30 | +26 +08 | +.02 +0.37 +0.04 | +0.006

Table 2. Orbital elements from the MPC of active objects of the TC. For comparison, the
orbital parameters of 2P, which is the prototype of the TC active objects, are: a=2.22 au, e
=0.85,1=11.8° and @ =161°, corresponding to D = 0.14.

a [au]

e

il

@ [°]

Name

1,87

0,76

1,3

34

(2101) Adonis

0,11




2,17 0,71 2,5 173 (2201) Oljato 0,12
2,16 0,84 11,5 237 (2212) Hephaistos | 0,13
1,98 0,63 6,7 171 (4183) Cuno 0,20
2,19 0,66 3,0 251 (4486) Mithra 0,16
1,83 0,77 9,0 177 (5143) Heracles 0,14
2,26 0,65 11,4 139 (5731) Zeus 0,22
2,21 0,77 4,9 146 (6063) Jason 0,06
2,53 0,71 9,6 189 (8201) 0,20
2,20 0,86 17,5 143 (16960) 0,24
2,37 0,67 10,7 150 (17181) 0,21
2,44 0,68 8,7 243 (30825) 0,20
1,65 0,62 6,0 127 (69230) Hermes 0,25
2,22 0,78 3,1 223 (85182) 0,06
2,60 0,70 16,0 89 (100004) 0,29
2,42 0,76 10,3 205 (106538) 0,16
2,10 0,74 11,0 160 (153792) 0,15
1,70 0,69 8,7 133 (154276) 0,20
1,60 0,77 5,9 124 (162195) 0,18
2,17 0,79 8,1 64 (189008) 0,08
2,64 0,77 6,8 250 (192642) 0,19
1,37 0,73 5,0 121 (405212) 0,26
1,45 0,76 5,9 157 (503941) 2003 UV11 | 0,23
2,19 0,76 8,5 147 1999 VR6 0,10
2,03 0,78 8,8 144 2011 UD 0,10
2,24 0,80 14,6 168 (380455) 0,19
2,23 0,86 4,2 162 2004 TG10 0,06
2,66 0,85 7,9 255 D/1766 G1 0,20
2,60 0,77 11,0 34 169P/NEAT 0,21
2,59 0,77 11,0 35 P/2003 T12 0,21
2,27 0,78 6,7 97 1997 GL3 0,08
2,63 0,87 5,9 27 (139359) 2001 ME1 0,19
2,16 0,74 5,6 234 2001 QE34 0,09
2,25 0,76 9,4 314 (252091) 2000 UP3 0,12
2,66 0,87 17,5 314 Maximum Value 0,29
1,37 0,62 1,3 27 Minimum Value 0,06
2,18 0,75 8,2 157 Average 0,16
Table 3. Orbital elements from the MPC of inactive asteroids of the TC.
a [au] e il°] o [°] Name D
2,30 0,77 12,6 129 (4197) Morpheus 0,17
1,84 0,68 11,9 98 (4341) Poseidon 0,21
1,92 0,64 10,8 143 (85713) 0,22
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2,00 0,79 3,6 98 (269690) 0,05
2,43 0,79 2,0 121 (297274) 0,12
2,53 0,74 3,8 139 (306367) 0,16
2,00 0,87 10,1 136 2006 SO198 0,12
2,04 0,83 9,0 147 2007 RU17 0,09
1,49 0,72 3,1 150 2011 TC4 0,23
2,16 0,66 2,0 117 1999 TT16 0,16
2,12 0,64 2,2 125 (162695) 2000 UL11 | 0,19
2,30 0,69 5,2 287 (162210) 1999 SM5 0,14
2,26 0,72 8,2 270 2001 FAS8 0,13
2,22 0,77 13,0 59 2000 EU70 0,17
2,35 0,73 4,3 346 (488453) 1994 XD 0,12
2,26 0,78 9,1 292 (312942) 1995 EK1 0,11
2,10 0,73 8,5 311 (285540) 2000 GU127 | 0,12
2,53 0,87 13,0 346 Maximum Value 0,26
1,49 0,64 2,0 59 Minimum Value 0,05
2,14 0,74 7,0 175 Average 0,15

Table 4. Orbital elements from the MPC of asteroids of the TC with not enough data.

a [au] e 1[°] @ [°] Name D
2,55 0,70 4,0 133 (217628) Lugh 0,19
2,11 0,76 11,6 243 (382395) 0,15
2,05 0,79 7,9 131 (408752) 0,08
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2,26 0,87 12,2 165 (452639) 0,16
2,16 0,67 2,1 191 1991 BA 0,15
1,93 0,65 9,6 114 1991 GO 0,20
1,94 0,77 2,6 28 1995 CS 0,08
2,65 0,81 11,6 161 1998 VD31 0,23
2,23 0,77 9,5 152 1999 VK12 0,12
2,25 0,73 6,6 100 2000 GW127 0.11
1,59 0,80 5,9 101 2001 QJ96 0,17
1,72 0,75 8,9 156 2001 UX4 0,17
2,35 0,84 31 184 2002 XM35 0,09
2,16 0,78 5,6 110 2003 SF 0,05
2,26 0,78 4,3 161 2003 WP21 0,07
2,47 0,87 13,9 160 2005 NX39 0,22
1,81 0,76 7,3 149 2005 TB15 0,13
2,27 0,87 10,7 160 2005 TF50 0,14
2,26 0,88 7,0 162 2005 UR 0,10
1,97 0,81 4,2 163 2007 UL12 0,04
2,20 0,83 2,0 152 2010 TU149 0,05
2,24 0,86 3,2 166 2012 UR158 0,06
2,20 0,84 2,5 163 2014 NK52 0,05
1,97 0,76 1,6 130 2015TD144 0,09
2,27 0,87 6,0 160 2015 TX24 0,08
2,28 0,85 7,4 165 2015VH66 0,09
1,97 0,76 1,6 130 2016 SL2 0,09
1,78 0,78 5,9 166 2016 VK 0,12
2,32 0,71 0,6 109 1995 FF 0,14
2,13 0,75 5,5 102 2001 Q0142 0,08
2,02 0,61 3,3 213 1998 BY7 0,22
2,24 0,71 7,3 268 (446791) 1998 SJ70 0,14
2,38 0,70 2,7 6 1999 XK136 0,15
2,06 0,74 5,3 137 2000 Vz44 0,09
2,14 0,71 6,9 261 1999 SJ10 0,12
1,66 0,78 5,0 265 2001 CA21 0,15
2,13 0,71 10,6 339 2000 XJ44 0,16
2,65 0,88 13,9 339 Maximum Value 0,23
1,59 0,61 0,6 6 Minimum Value 0,04
2,13 0,77 6,1 158 Average 0,12
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Table 5. Variation ranges of the orbital parameters of the TC members, obtained in the
present work and by other authors; in the last line our average values of the same parameters

are also reported.

Author a [au] e 1 [°] o [°] qlau]
Napier (2010) 1.83<a<2.64 0.64<e<(0.83 2.5<i<12.2 64<@<251 00<q<1.0
Clark et al. (2019) 2.23<a<2.27 -—-- — 145< @<165 —
Spurny et al. (2017) --- --- 4.5<i<4.6 ---- 0.25<g<0.45
This work (limits) 1.37<a<2.66 0.61<e<0.88 0.6<i<17.5 6<w<346 0.26<g<0.80
This work (averages) | <a>=2.15+0.28 | <e>=(0.76+0.07 | <i>=7.1£3.7 | <o>=161£70 | <g>=0.51%0.15

90°

THE TAURID COMPLEX

@ 34 Cometary
® 17 Inactive

270°
THE COMET 2P/ENCKE'S FAMILY

© 37 Not Enough Data

Figure 1. Polar diagram showing the distribution of the @ parameters of TC members. The
objects are placed at slightly different distances to the center, to be able to see the different

groups distinctly.
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Figure 2. Eccentricity (e) vs semi-major axis (a) for members of the TC. The curved lines
labeled with three different values of the aphelion distance (Q) at the bottom, separate comets
from asteroids. The list of comets has been taken from the MPC. The TC is located in a
reduced ellipsoidal space of the diagram. Four comets members of the TC have been labeled:
2P, D/1776 G1, P/2003 T12, and 169P/NEAT. Although 67% of the TC objects are active
(as discussed in the text in Section 3), they lie in a region of the diagram populated by
asteroids.

3. Search for activity and results

In order to search for activity, we used the Secular Light Curve (SLC) formalism
(Ferrin, 2010) already successfully applied to study the cometary activity of various objects
(Ferrin, 2014; Ferrin et al., 2017, 2018). For the convenience of the reader, some details about
this technique are reported in Appendix 1. The SLC formalism produces a plot of absolute
magnitude my(1,1,0) vs (t-Tq), where my(1,1,0) is the magnitude at A=1 au from the Earth,
R=1 au from the Sun and phase angle a = 0°, and Tq is the time of perihelion. The absolute
and the observed my(A, R, o) magnitudes are related by:

my(1, 1, 0) = mv(A,R,a) — 5 log (A-R) —B-a

where [ is the phase coefficient. We used a linear law because the data fits well that law
(example in Figure 5), and because the maximum values of the phase angle are not large.
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We neglected all the observations with o < 5° because they produce an enhancement due to
the opposition effect that creates a false positive.

Before concluding that an object is active, it is a good exercise to get acquainted with
some negative results, shown in Figure 3.

In Figure 4 we report the SLC’s of six active members of the TC, while Figures 5 and
6 show the phase plot of (2201) Oljato and its SLC, respectively. The SLC’s of all the other
active asteroids of the complex are presented in the Appendix 2. Finally, the SLC’s of the
two comets of the TC, 2P and 169P/NEAT, are shown in the next sections.

As reported in Table 1, 34 of 51 (equal to 67%) probable members of the TC with
useful photometric data, show cometary activity. For comparison, Ferrin et al. (2017) made
a similar study of 165 members of the Themis family and found that only 15% show signs of
activity. So the large fraction of active bodies in the TC is highly indicative: this is the
smoking gun of the complex.

Table 1 also shows that the active asteroids exhibit their cometary activity for a mean
period of 191 days, which represents a duty cycle of 17%.

As far as the activity of asteroid Oljato is concerned, it is important to note that in
four apparitions the object has shown in proximity of perihelion relatively low level cometary
activity, which is the best evidence of ongoing sublimation, also suggested by hint of gaseous
activity reported by McFadden et al. (1993) and A’Hearn et al. (1995).

Figure 5 shows the phase plot of Oljato to illustrate an important aspect of our
reduction: the absolute magnitude, a fundamental parameter in this context, is determined
using the SLC and the phase plot, both of which have to agree on my(1,1,0). This procedure
is very different from common determinations of the absolute magnitude found in the
literature based on a few observations. This is the reason why we believe that our
determinations of my(1,1,0) is more reliable than other literature determinations, because the
two plot are in different phase spaces, and in particular the SLC covers from aphelion (R =—
Q) to aphelion (R = +Q), giving the whole picture of the absolute magnitude in the orbit.

The orbital elements of active (+) and inactive (—) asteroids of the TC are listed in
Tables 2 and 3, while Table 4 reports the elements of asteroids with not enough data available
(N). Note that the average values of the orbital parameters a, e and 1 do not show substantial
differences between the active and non-active objects, as evidenced also by the average value
of D. This means that the active objects do not have significantly different orbits from those
of the objects not active.
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16

2101 ADONIS TAURID COMPLEX 30825 TAURID COMPLEX

Q@ «<38.5 MPC 4
® >335 MPC L4

i ;/\
)
Z . -
E . & ] <
- ]
10 -
a8
20
it L
-500 450 400 350 200 250-200-150-100 50 0 50 100 150 200 250
t-Tq[d]
RET 5731 ZEUS TAURID COMPLEX " 5143 Heracles = 1991 VL. TAURID COMPLEX
v E & T or L 1 T LI I T T E T T T
& y
13,5 - L Mrcl
e MPCI
14,0
| @
@]
14,5 Ty =
- B
8 b 8
- 15,0 &
< e
>
£ 155 .
16,0
165 1 @
&
0™ 1.1 \ - A = I
500 500 400 -300 -200 100 © 100 200 300 400 500 600
t-Tq[dl
16960 TAURID COMPLEX il 6063 Jason TAURID COMPLEX
T T T Tl Y LTI I EI LY rFET YT ™
13 = & 2003.2004 ]
A 2008.2011 Py
o) L | ® 20122014 2
® © 20152018
i - . 1
_ S0 s ¥
S @ - Asec=0,78+0.05
T g
v 15 >
g E gl o &
1 o mPc s (2
1 ! ® e 199a399 ) |
@ 2000-09 17 -
° ® 2010413
.EI @ 201416 Q
7 L L P . I P P 18
500 -400 -300 200 -100 0 100 200 300 400 500 600 700 600 -500 400 -300 -200 -100 0 100 200 300 400 500 600
t-Tq[d] t-Tq[d]
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