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A B S T R A C T 

The Taurid Meteoroid Complex (TMC) is a broad stream of meteoroids that produces several annual meteor showers on Earth. 
If the linkage between these showers and 2P/Encke is at the centre of most TMC models, the small size and low activity of the 
comet suggest that 2P/Encke is not the unique parent body of the Taurids. Here, we simulate the formation of the TMC from 

2P/Encke and several NEAs. In total, we explored more than a hundred stream formation scenarios using clones of 2P/Encke. 
Each modelled stream was integrated and compared with present-day Taurid observations. As previously reported, we find that 
e ven slight v ariations of 2P/Encke’s orbit modifie considerably the characteristics of the simulated showers. Most of the comet’s 
clones, including the nominal one, appear to reproduce the radiant structure of the Taurid meteors but do not match the observed 

time and duration of the sho wers. Ho we ver, the radiants and timing of most Taurid showers are well reproduced by a particular 
clone of the comet. Our analysis thus suggest that with this specific dynamical history, 2P/Encke is the sole parent of the four 
major TMC showers that have ages from 7 to 21 ka. Our modelling also predicts that the 2022 Taurid Resonant Swarm return 

will be comparable in strength to the 1998, 2005, and 2015 returns. While purely dynamical models of Encke’s orbit – limited 

by chaos – may fail to reveal the comet’s origin, its meteor showers may provide the trail of breadcrumbs needed to backtrack 

our way out of the labyrinth. 

Key words: methods: numerical – comets: individual: 2P/Encke – meteorites, meteors, meteoroids – minor planets, asteroids: 
general. 
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 I N T RO D U C T I O N  

omet 2P/Encke is one of the most puzzling comets disco v ered. It
s a comparatively large and bright comet, with a nuclear diameter
f 2.4 km (Fern ́andez et al. 2000 ; Lisse et al. 2004 ) and has one
f the shortest orbital periods measured ( � 3.3 yr). Given its large
ize, it is surprising that it was only first observed in the 18th century.
ontrasting with the historic assumption that the comet is particularly

gassy’ (A’Hearn et al. 1985 ), Enck e w as found to have among the
ost massive of known cometary dust-trails, extended along its orbit
ith a noticeable asymmetry (Sykes & Walker 1992 ). 
Adding to the oddities associated with the comet is the possible

ssociation of several Near-Earth Objects (NEOs) on similar orbits
hat may have a genetic relationship with Encke (cf. Section 3.2 ),
hough the dynamical significance of this linkage has been questioned
Valsecchi et al. 1995 ). The current orbit of Encke is decoupled from
upiter and therefore very difficult for a Jupiter Family Comet (JFC)
o evolve toward (Valsecchi et al. 1995 ). 

Past work to address this question has focused on numerical
ntegration of JFCs with and without non-gravitational forces (NGF)
o attempt to quantify dynamical pathways likely to place Encke near
ts present orbit (Levison et al. 2006 ). Ho we ver, purely dynamical
 E-mail: aegal@uwo.ca (AE); pwiegert@uwo.ca (PW); 
brown@uwo.ca (PGB) 

 

m  

l  

(  

Pub
odels of Encke are limited by the effects of chaos, and its past
rbital history remains a major unsolved question. 
One component of the Encke complex to be explored in connection

ith its past orbital evolution is the Taurid meteoroid stream complex
TMC). The TMC comprises a series of at least four significant
howers, namely the night-time Northern and Southern Taurids (#017
T A and #002 ST A), and the daytime β Taurids and ζ Perseids (#173
TA and #172 ZPE). Presuming these showers originate primarily

rom Encke or a proto-Encke object on a similar orbit, the strength,
uration of activity, timing of peaks, and radiants of these showers
rovide a series of potential constraints on possible past dynamical
volution and dust production of the comet. 

Early models of Taurid stream formation (which assumed that
ost meteoroids were injected into the stream from the comet) were
oti v ated in part by the similarity in the longitude of perihelion of the
aurids and Encke, as well as the spread in Taurid aphelia (Whipple &
l-Din Hamid 1952 ). Models of the Taurids based solely on cometary
ctivity from Encke (or an object on a similar orbit) resulted in ages
or the complex ranging from 5 to 100 ka (Whipple & El-Din Hamid
952 ; Jones 1986 ; Babadzhano v, Obrubo v & Makhmudo v 1990 ;
teel & Asher 1996a ), and all struggled to explain the observed wide
ispersion of the stream’s orbital elements. 
More recently, it has been proposed that Encke is simply the largest
ember of a broader Taurid complex, produced by the breakup of a

arger progenitor comet that entered the inner Solar system 20 ka ago
Steel & Asher 1996b ; Napier 2010 ). Steel, Asher & Clube ( 1991 )
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ere the first to numerically model the Taurid streams as just one
art of the dust complex resulting from this proto-Encke comet. This
ypothetical parent object would have been originally in the 7:2 mean 
otion resonance (MMR) with Jupiter, but otherwise had the current 

rbital elements of Encke (which is not in this resonance currently). 
The authors assumed material was ejected from a parent object 

ith speed up to 2 km s −1 to replicate the large spread in semimajor
xis of the Taurid stream. Ejecting meteoroids at different epochs 
ack to 15 ka before present, Steel et al. ( 1991 ) found the best
atch to the current N. and S. Taurid orbits resulted from ejections

ear perihelion within the last 10 ka, but with ongoing subsequent 
ragmentation of the original body since that time. They also 
roposed a splitting of the original object, with collisions ejecting 
aterial from daughter fragments; these were needed primarily 

o better fit the large spread in observed Taurid semimajor axes. 
imilarly, Babadzhanov et al. ( 1990 ) used the spread in longitudes
f perihelion for the Taurid showers to estimate an age of 8–18 ka
or the complex. This was based on differences in the precession rate
s a function of semimajor axis. 

Most recently, Tomko & Neslu ̌san ( 2019 ) have modelled the Taurid 
treams by ejecting particles from the nominal backward integrated 
rbit of Encke. They released 10 000 particles at Encke’s perihelion 
assages 1, 2, 4, 8, and 16 ka in the past. For each set of models,
 range of eight β values was also chosen to capture the role of
adiation forces on subsequent particle evolution, representing a total 
f 400 000 test particles. These were released with speeds from 70
o 92 m s −1 in isotropic directions at perihelion from 2P. They then
hose test particles at the current epoch which had Minimum Orbital 
ntersection Distances (MOIDs) < 0.05 au with the Earth’s orbit as a
epresentative of the presently observed showers. 

Tomko & Neslu ̌san ( 2019 ) also compared model orbits with
easured orbits of all meteor showers in the IAU Meteor Data Center

MDC) to identify probable linked minor Taurid showers (which 
hey term filaments ). The authors confirmed the link between Encke 
nd the NTA, STA, BTA, and ZPE meteor showers. In total, their
odel predicted some 21 presently observable Taurid showers (once 

uplicates were remo v ed) of which the y identify 16 as being in the
AU MDC. Ho we v er, the v eracity of the model and connection with
hese streams is entirely based on orbital similarity with a subjectively
hosen D-criterion cut of 0.1; it does not compare predicted times or
ntensity of shower activity. This is particularly problematic for the 
aurids as their radiants are embedded in the highly populated helion 
nd antihelion sporadic meteor sources, making chance associations 
ore likely. 
Most of the preceding works focused on reproducing the large 

ispersion in orbital elements associated with the Taurid stream or 
atching radiants in a qualitative sense. However, the N and S Taurids 

ave broad radiants and are long-lived; it is therefore difficult to 
stablish stream membership (e.g Štohl & Porub ̌can 1992 ) using
rbital elements or radiants alone. The timing of the activity of
he individual showers is also an important measurement that may 
rovide clues to the formation of the Taurid complex, but has not
een used in any modelling efforts to date. 

Here, we examine the question as to whether or not all four of the
ajor Taurid streams (namely, the NTA, STA, BTA, and ZPE) could 

e produced from material ejected by Encke (or a proto-Encke object 
n a similar orbit) alone, using ejection speeds typical of cometary 
as-drag meteoroid production (Jones 1995 ). We use observations of 
hower duration, strength, and spread in radiants/orbital elements of 
he major Taurid streams as model constraints. Given that Encke’s 
rbit is chaotic, we explore the formation of the Taurid streams
rom a range of potential Encke clones, that is, particles on orbits
ery close to that of Encke currently but with differing evolution
nder backward integration. In principle, if we are able to find a
lone that produces the radiants, timing, and activity levels of the
ain four showers, we may provisionally interpret this as a potential

ast dynamical pathway for Encke most consistent with meteoroid 
treams observed at Earth today. 

The paper is divided into eight main parts as follows. In Section 2 ,
e examine the physical properties, dust production, and orbital 

tability of comet 2P/Encke. The general characteristics of the NTA, 
T A, BT A, and ZPE, analysed in a precursor work to this study (Egal
t al. 2022 ), are summarized in Section 3 . Section 4 details the stream
odels, initial conditions, and calibration process used to simulate 

he meteor showers. 
In Section 5 , we perform a detailed analysis of the meteoroid

warm produced by 2P/Encke. We find the model to reproduce 
he radiants structure of the four major Taurid showers, but to
ail in predicting the peak time and duration of most showers.
his led us to explore in Section 6 if the meteoroids ejected from
everal NEOs, released during the breakup of a larger parent body,
rovided predictions in better agreement with meteor observations. 
he inclusion of meteoroids ejecta from additional parent bodies 
ro v ed to impro v e the modelling of the sho wers’ acti vity, but is still
nsufficient to reproduce the general TMC characteristics. 

In Section 7 , we explored more than a hundred alternate evolutions
f comet Encke, and identified one specific clone that reproduce the
ain features of the TMC. The implications and limitations of this

pecific orbital history of Encke on the TMC formation are discussed
n Sections 7 and 8 . 

 C O M E T  2 P/ ENCKE  

omet 2P/Encke is a short-period comet disco v ered in 1786 by the
stronomer Pierre M ́echain. The comet is named after Johann Franz
ncke, who recognized the periodic character of the comet in 1819
nd successfully predicted its return in 1822. 

Because of the peculiarity of its orbit, Encke is the sole member of
ts own class called Encke-type comets. The particular characteristics 
f Encke are two fold – it possesses the shortest orbital period of
ll known comets (today close to 3.3 yr), and evolves on an orbit
ynamically decoupled from the influence of Jupiter because of 
ravitational interactions with the terrestrial planets (Whipple 1940 ). 
espite the lack of close encounters between Encke and Jupiter, the
ravitational effect of the giant planet is still the main mechanism
ausing the secular variations of the comet’s orbit as described in
etail in Whipple ( 1940 ) or Valsecchi et al. ( 1995 ). In this section,
e summarize the main characteristics of Encke’s nucleus, activity, 

nd orbital evolution. 

.1 Nucleus and activity 

.1.1 Encke’s nucleus and dust trail 

he nucleus of Encke is dark, with a geometric albedo of
.046 ± 0.023 and an ef fecti ve radius of 2.4 ± 0.3 km (Fern ́andez
t al. 2000 ; Lisse et al. 2004 ). Encke’s spectrum is compatible with
n X-class object of type Xe in the Bus-Demeo taxonomy (DeMeo
t al. 2009 ). Between 400 and 800 nm, the nucleus’ spectrum is
ssentially featureless but displays a moderate reddening (Tubiana 
t al. 2015 ). Particles ejected from the comet have also been found to
e redder than the Sun and the zodiacal light, suggesting the presence
f organic-based compounds within the dust (Ishiguro et al. 2007 ).
MNRAS 515, 2800–2821 (2022) 



2802 A. Egal, P. Wiegert and P. G. Brown 

M

T  

2
 

t  

e  

1  

e  

o  

O  

r  

c  

2  

E  

t  

a
 

m  

I  

t  

d  

d  

e  

r  

(  

e

2

T  

o  

i  

s  

a  

o  

(  

a  

t  

A  

a  

m
 

f  

e  

A  

w  

1  

d  

t
 

d  

f  

t  

t  

E  

t  

A  

n  

2  

1

Figure 1. Phase-corrected Af ρ measurements of comet Encke during the 
1977, 1980, 1984, and 1990 apparitions (black circles Osip et al. 1992 ) 
and 2013 and 2017 observations provided by the Cometas Obs network 
(blue and black crosses). The abscissa (X) represents the comet’s heliocentric 
distance to perihelion, arbitrarily ne gativ e for preperihelion measurements 
and positive for postperihelion times ( X = ( r h − q) t −t ( q) 

| t −t ( q) | , with t ( q ) the time 
at perihelion). 
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he meteoroids appear to have a low albedo of 0.04–0.06 (Lisse et al.
004 ). 
The Infrared Astronomical Satellite detected an extended dust

rail along Encke’s orbit, formed by the accumulation of material
jected during several orbital periods (Sykes 1986 ; Sykes & Walker
992 ). The dust emitted by the nucleus formed one of the most
 xtensiv e trails detected by the satellite, partly because the comet’s
rbit is shielded from strong gravitational interactions with Jupiter.
bservations of the comet’s dust trail in the mid-infrared and optical

evealed that the core of trail is more than 20 000 km wide and
omposed of particles in the range 1 mm to 10 cm (Reach et al.
000 ; Epifani et al. 2001 ; Lowry et al. 2003 ; Ishiguro et al. 2007 ).
stimates of the particle’s size distribution within the trail, based on

he power-law fit of the time-averaged size distribution, ranged from
bout 2.8 to 3.6 (Fulle 1990 ; Epifani et al. 2001 ; Lisse et al. 2004 ). 

The disco v ery of Encke’s dust trail and the ele v ated dust-to-gas
ass ratios measured by Reach et al. ( 2000 ), Lisse et al. ( 2004 ), and

shiguro et al. ( 2007 ) contrasted with the previous assumption that
he comet is particularly ‘gassy’ (A’Hearn et al. 1985 ). Most of the
ust ejection occurs in a short arc around perihelion, though some
ust emission is detected at heliocentric distances of 1.2 au (Lisse
t al. 2004 ) or 2.6 au (Epifani et al. 2001 ). The current mass loss
ate of the nucleus is estimated to be close to 10 12 –10 13 g per orbit
Syk es & Walk er 1992 ; Reach et al. 2000 ; Lisse et al. 2004 ; Ishiguro
t al. 2007 ). 

.1.2 Af ρ profile 

o model a meteoroid stream, it is necessary to estimate the variation
f a comet’s dust production with heliocentric distance r h . This
s used to establish a correlation between the number of particles
imulated and the number of meteoroids ejected from the nucleus
t r h (Egal 2020 ). The quantity of dust ejected by the nucleus is
ften described by the Af ρ parameter defined by A’Hearn et al.
 1984 ). This parameter depends on the nucleus’ Bond albedo, phase
ngle, the filling factor of the dust within the field of view, and
he aperture radius of the telescope used for the observation. Raw
f ρ estimates need therefore to be corrected for phase angle effects

nd the observations’ aperture radius before comparison with other
easurements. 
Despite the short period of Encke that tends to increase the

requency of observations of the comet, there are only a few published
stimates of the nucleus’ Af ρ along its orbit. Most of the available
f ρ measurements are provided by Osip, Schleicher & Millis ( 1992 ),
ho measured the dust emission of Encke during several returns in
977, 1980, 1984, and 1990. Unfortunately, Af ρ estimates were
etermined for heliocentric distances of 0.53–1.23 au, but not close
o perihelion ( q � 0.34 au) where the comet is the most active. 

In order to determine Encke’s Af ρ profile with the heliocentric
istance, we corrected the published estimates of Osip et al. ( 1992 )
or the phase effect. For each date of observation, we computed
he comet’s phase angle and modified the original Af ρ value using
he Schleicher-Marcus composite dust phase function described in
gal et al. ( 2020b ). The resulting Af ρ as function of the distance

o perihelion is presented in Fig. 1 . The figure include additional
f ρ measurements kindly provided by the Cometas Obs amateur
etwork, 1 which determined the comet’s dust production during its
013 and 2017 apparitions. These estimates, once corrected for the
NRAS 515, 2800–2821 (2022) 

 http://www.astr osur f.com/cometas-obs/
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t

hase angle, fit well with those of Osip et al. ( 1992 ) and provide an
stimate of the likely dust emission from Encke close to perihelion. 

We modelled the evolution of Af ρ with r h using a double-
xponential function of the form: 

Af ρ( X) = K 1 + Af ρ( X max ) × 10 −γ | X−X max | , 

γ = γ1 if X ≤ X max and γ = γ2 if X ≥ X max , 

X = ( r h − q) 
t − t( q) 

| t − t( q) | (1) 

here r h is the comet’s heliocentric distance at time t , q is the
erihelion distance, t ( q ) the time of perihelion passage, and γ 1, 2 , X max 

nd K 1 parameters that are to be determined by the fitting process.
he best-fitting solution of the Af ρ profile was obtained for γ 1 =
.24, γ 2 = 1.82, X max = −0.2 au, Af ρ( X max ) � 635 cm, and K 1 =
.74 cm. The modelled profile is represented by the red line in Fig. 1 .
e find the comet’s dust production to peak preperihelion, with a

lightly steeper preperihelion branch compared to postperihelion. 
Our result differs somewhat from that of A’Hearn et al. ( 1995 ),

ho found the comet’s dust production to be asymmetric with
 r h -dependence of −0.81 preperihelion and −2.99 posterihelion.
o we ver, since no measurement of Encke’s dust production below
.53 au was available to those authors, we consider the model of
ig. 1 to provide a more accurate description of the current Af ρ
ariations of the comet. 

.2 Orbital evolution 

P/Encke has been observed at each perihelion return since 1818
ith the exception of 1944. Despite the numerous observations of

he comet, no simple dynamical model of the comet’s motion allows
ll its apparitions to be linked with accuracy (Usanin, Nefedyev &
ndreev 2017 ). The combination of planetary gravitational pertur-
ations and variable NGFs acting upon the nucleus likely explains
he divergence between the models and the observations. 

http://www.astrosurf.com/cometas-obs/
art/stac1839_f1.eps
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Table 1. Orbital elements of 2P/Encke and NEOs used as a starting point for the numerical integrations in this work. 

Solution Body JD e a q i � ω m A 1 A 2 A 3 

(au) (au) ( ◦) ( ◦) ( ◦) ( ◦) (au d −2 ) (au d −2 ) (au d −2 ) 

1 2P/Encke 2457097.50000 0.8483 2.2151 0.3360 11 .7818 334 .5678 186.5437 143 .2720 −2.49e −11 −2.69e −12 3.86e −9 

2 2P/Encke 2457259.50000 0.8483 2.2151 0.3360 11 .7814 334 .5678 186.5468 143 .2720 0.0 0.0 0.0 
3 2P/Encke 2456618.24851 0.8486 2.2151 0.3354 11 .7815 334 .5683 186.5430 0 .0000 – – –
4 2004 TG10 2459000.50000 0.8618 2.2334 0.3086 4 .1811 205 .0870 317.3676 213 .3681 – – –
5 2005 TF50 2459000.50000 0.8687 2.2733 0.2984 10 .6970 0 .6430 159.9071 74 .4271 – – –
6 2005 UR 2453668.50000 0.8817 2.2478 0.2660 6 .9330 20 .0281 140.4776 346 .6137 – – –
7 2015 TX24 2459000.50000 0.8721 2.2660 0.2900 6 .0426 32 .9362 127.0567 112 .6679 – – –
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Figure 2. The position of 2P/Encke’s ascending node (solid lines) and 
descending node (dotted lines) between 30 000 BCE and 2021. The position 
of the comet was integrated from the orbital solution provided in Table 1 , 
without NGFs (solution 2). The blue solid line represents the orbit of Earth 
in 2021. The nodal locations are colour-coded by date. 
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.2.1 The reproducibility of Encke’s past orbit 

s the primary goal of the present work is to determine whether or not
ncke alone is capable of forming the four main Taurid streams, its
ast orbital evolution is central to our study. We use as our starting
onditions the orbital solution provided by the JPL, 2 considering 
ither (1) constant or (2) no non-gravitational acceleration parameters 
solutions 1 & 2 respectively in Table 1 ). For each case, a thousand
lones of the comet’s orbit were created according to the multi v ariate
ormal distribution defined by the solution’s covariance matrix. 
ach clone was then integrated until 30 000 BCE, as described in
ection 4.1.3 . The time evolution of the clones’ orbital elements is
resented in Appendix A, either with (A1) or without (A2) NGFs. 
Apart from a slight but sudden dispersion of the clone swarm 

round 600 BCE, we observe in Fig. A2 an almost linear increase in
he dispersion of the clones’ orbital elements backward in time. Such 
ncreases were found to be caused by distant encounters of the clones
ith Earth. We see a general decrease in perihelion distance o v er the

ast 20–30 ka, but o v erall the orbital elements of the clones remain in
 narrow range, underscoring the stability of Encke’s orbit and its lack 
f close approaches to Jupiter. Using the current non-gravitational 
arameters for the comet (though we recognize that these certainly 
ust have varied over this time frame), we see in Fig. A1 a very

imilar evolution. At least for fixed non-gravitational parameters, 
he changes in the orbital elements are minor, in agreement with 
omko & Neslu ̌san ( 2019 ). More importantly, the o v erall evolution
emains confined to a restricted region of phase space, meaning that 
here is a high probability that our backward integrations are at least
ome what representati ve of the true e volution of Encke’s orbit. 

The secular evolution of the comet’s angular elements is the key to
ts stability (Whipple 1940 ). When the perihelion argument fa v ours
 possible close encounter with Jupiter ( ω of 0 ◦ or 180 ◦), the orbit’s
nclination is at maximum, which increases the average distance of 
he comet from the ecliptic plane. When the inclination is close to
ero, we observe that the perihelion argument adopts the values of
0 ◦ or 270 ◦, which mo v es its aphelion (and perihelion) further away
rom Jupiter. 

As a first approximation, we consider the past dynamical evolution 
f Encke integrated from solution 2 in Table 1 (without NGFs) to be
 representative model for the comet’s evolution. We will call this
odel nominal Encke . Fig. 2 presents nodal locations (ascending 

nd descending nodes) of Encke’s nominal orbit between 30 000 
nd 2021 BCE. Because of the angular precession of its orbit, 
ncke’s node has crossed the Earth’s orbit multiple times during 

he past millennia. In one precession cycle of the comet’s perihelion 
rgument – which lasts about 5000–6000 yr (Egal et al. 2021 ) –
eteoroids ejected from the comet may create four meteor showers 
 https://ssd.jpl.nasa.gov/sbdb.cgi , accessed in June 2021. 

 

c  

o  
isible on Earth, pre/postperihelion and with a northern and southern 
omponent (Babadzhanov 2001 ). 

.3 On the origin of comet Encke 

xplaining how Encke arrived on to a short-period orbit decoupled 
rom the influence of Jupiter poses a challenge to current dynamical
odels. Backw ard and forw ard integrations of JFCs and Enck e-

ype objects have highlighted the existence of dynamical pathways 
etween these two orbital groups (e.g. Valsecchi et al. 1995 ; Steel &
sher 1996a ; Levison et al. 2006 ). It was found that the gravitational
erturbation e x erted by terrestrial planets alone hav e the potential
o decouple JFC to Encke-type orbits. Ho we ver, the time required
o perform such a transition exceeds the physical lifetime of JFCs
Levison et al. 2006 ). 

The inclusion of strong NGFs to the model can reduce the transi-
ion time between JFCs and Encke-type orbits (Steel & Asher 1996a ;
ittich, D’Abramo & Valsecchi 2004 ). Ho we ver, the v alidity of such
n approach has been questioned because of the unrealistically high 
GFs used in these studies, and because of the difficulty of modelling
ighly variable NGF o v er time (Levison et al. 2006 ). 
Another hypothesis to explain the creation of Encke is that the

omet was dormant during most of its transition from a JFC-type
rbit and became active tens to hundreds of thousands of apparitions
MNRAS 515, 2800–2821 (2022) 

https://ssd.jpl.nasa.gov/sbdb.cgi
art/stac1839_f2.eps
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ater because of a significant change in its orbit. A scenario in which
he comet suddenly became active at the end of the 18th century
ould explain why Encke was undetected before 1786, given that
ts large size and present orbit should have made it easily visible at
arlier epochs. 

Ho we v er, backward inte grations of the comet’s motion do not
ev eal an y significant close encounters with an y planets that could
ave modified Encke’s orbit at that epoch (in this work or in Usanin
t al. 2017 ). A possible alternativ e e xplanation may be the formation
f Encke after the breakup of a larger comet in the inner Solar system
Clube & Napier 1984 ; Steel et al. 1991 ). It has been suggested
hat Encke will become dormant in the coming decades (Sekanina
969 ; Usanin et al. 2017 ) before eventually colliding with the Sun
Valsecchi et al. 1995 ). 

Purely dynamical models of Encke’s orbit are plagued by the
ffects of chaos. Though stable in a broad sense, planetary en-
ounters cause small-scale changes in the comet’s motion that make
ackwards integration of its current orbit keenly sensitive to small
ifferences in starting conditions. However, meteor observations
rovide a potentially powerful lever against this problem, since the
rue past orbital evolution of Encke must be consistent with the
aurid meteoroid complex as whole, presuming it is the sole parent
f the TMC. As we will show, a careful comparison of the observed
eteoroid distribution within the present TMC, when coupled to

ormation of the stream using a range of different possible past
ynamical histories of Encke itself, allows interesting constraints to
e placed on the comet’s prior evolution. 

 TAU R I D  METEOR  SHOW ERS  

eteoroid stream simulation is fundamentally an inversion problem,
hough historically it has been done through forward modelling (Egal
020 ). For cases where the parent is clearly linked to a given stream
nd in an orbit that does not suffer significant perturbations, it is
ossible to numerically invert the observed activity profile, timing,
nd radiant of a stream to fit dust production parameters of a parent
omet (with various assumptions). This procedure has recently been
efined in a series of works by Egal et al. ( 2019 , 2020a ) and applied
o the October Draconids and Halleyid streams. It has been shown
o successfully reproduce past shower activity and make future
redictions of shower intensity and timing that have been validated
e.g. Egal et al. 2018 ). 

Such an inversion process requires calibration in the form of stream
ctivity as a function of time. The model produces predictions of
adiant distribution and orbital elements, which can then be checked
gainst observations once inversion is completed. For this reason, it is
ssential to establish calibrated (at least in a relative sense) observed
rofiles for stream comple x es for model inversions. 

.1 General obser v ational characteristics of the four major 
aurid showers 

n Egal et al. ( 2022 ), we analysed more than two decades of visual,
ptical, and radar meteor measurements to derive the observational
roperties of the four major Taurid showers (NTA, STA, BTA, and
PE). This work provided quantitative measurements of the showers’
ctivity, radiant, and orbital elements variation as a function of solar
ongitude (SL). These data form the modelling constraints that any
uccessful dynamical simulations of the Taurid Meteoroid Complex
ust reproduce. The general characteristics of the major Taurid

howers as determined in Egal et al. ( 2022 ) were found to be: 
NRAS 515, 2800–2821 (2022) 
(i) The NTA meteors are generally visible between 197 ◦ and 255 ◦

L, with maximum rates of 5–6 meteors per hour forming a plateau
etween 220 ◦ and 232 ◦. 

(ii) The STA can be observed between 170 ◦ and 245 ◦ SL, and
isplay two wide peaks of activity. The first one occurs around SL
97–198 ◦, and is twice as pronounced in radar data than in optical
bservations (reaching about 10–11 meteors per hour). The STA
re therefore notably enriched in small particles at the beginning
f their activity. A second peak is detected around SL 220 ◦ in
adar and optical data, reaching an average of 5–6 meteors per 
our. 
(iii) The daytime BTA and ZPE are mainly observed using radar

nstruments. From measurements by the Canadian Meteor Orbit
adar (CMOR), the BTA are detected between 84 ◦ and 106 ◦ SL,
ith maximum meteor rates of about 9 meteors per hour reached

round 91–95 ◦ SL. 
(iv) The ZPE are active between 55 ◦ and 94 ◦ SL, and present a

road maximum of 12–14 meteors per hour between 76.5 ◦ and 81.5 ◦

L. Observations of the shower are contaminated by the nearby
aytime Arietids around 69–73 ◦ SL. 
(v) The mass distribution index of the NTA and STA is estimated

o be close to 1.9 from visual and optical observations. Radar
easurements indicate a mass index of 1.81 ± 0.05 for the ZPE

nd 1.87 ± 0.05 for the BTA. Physical properties of the meteoroids
re compatible with a cometary nature, with an anticorrelation of
trength with particle size. 

(vi) The variations in time and intensity of the showers’ main peak
f activity suggest a filamentary structure of the Taurid meteoroid
tream. Ho we ver, the small number of meteors detected at each
pparition of these showers may account for the observed variability.

(vii) The northern meteoroid branch (ZPE) is the dominant of the
wo daytime showers, while the southern branch (STA) is the most
ctive of the two night-time showers. Differences in strength may
ndicate a distinct evolution history of the ZPE/STA compared with
he NT A/BT A. 

(viii) The years showing stronger activity associated with the
aurid Swarm Complex (TSC), composed of meteoroids trapped

nto the 7:2 MMR with Jupiter, produce enhanced meteor activity
nly for the STA. In particular, the swarm years are marked by
 higher proportion of fireballs. Enhanced meteor rates were not
dentified for the NTA, BTA, or ZPE during potential swarm year 
eturns. 

(ix) Several meter-sized meteoroids have been identified within
he TSC (Spurn ́y et al. 2017 ). Ho we ver, we find no evidence
f the TSC existence in CMOR data, suggesting that the swarm
f meteoroids lacks sub-mm particles. This suggests that smaller
eteoroids are remo v ed from the 7:2 MMR much faster than fireball-

roducing meteoroids. 
(x) The average orbital elements of the NTA and STA change

ignificantly with SL, while variations of the core of the BTA and
PE showers are less pronounced. 
(xi) A positive correlation in (a,e) is observed for the four showers

n optical and radar data. Ho we ver, the core of the BTA and ZPE in
MOR data show an opposite trend, which may reflect a difference

n age or evolution history between the core and the wings of the
howers (or between sub-mm and larger particles). 

(xii) The dispersion of the showers’ perihelion longitudes suggest
hat the NT A/BT A branch was formed o v er a shorter time-scale than
he STA/ZPE branch. The precession time-scales associated with the
ore of each shower require a minimum age of 6 ka to form the four



Taurid meteoroids complex 2805 

3

T
c
W  

w
a
w
s
1  

1  

K
2  

e  

i
2

C  

W  

T
a
s
f  

A  

(  

S
(  

2  

e
 

5
c  

a  

r  

N  

s
B
2  

a
2  

s
s
s
T

 

b
b
fi
n  

s
c
g
U

4

M
m  

t
a
f
a

r  

m

 

u
a
p  

p
s
i  

T  

p  

t
s
r

4

4

I  

E  

e
e  

a
t  

o  

o  

t
 

t  

m
b  

s  

m
E

s
C  

o  

o  

p  

s
 

k  

M
c
a

p  

(
n  

f

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/2/2800/6632988 by W
estern U

niversity user on 03 N
ovem

ber 2022
.2 NEOs of the Taurid complex 

he link between the four major Taurid showers and the peculiar 
omet Encke was originally established by Whipple ( 1940 ) and 

hipple & El-Din Hamid ( 1952 ). With time, multiple minor showers
ith radiants located in the constellations of Taurus, Aries, Cetus, 

nd Pisces (among others) have been proposed as being associated 
ith the Taurids and several Near-Earth Asteroids (NEAs) were 

uggested as additional parent bodies of the TMC (e.g. Olsson-Steel 
988 ; Babadzhanov et al. 1990 ; Stohl & Porubcan 1990 ; Steel et al.
991 ; Babadzhanov 2001 ; Porub ̌can & Korno ̌s 2002 ; Porub ̌can,
orno ̌s & Williams 2006 ; Babadzhanov, Williams & Kokhirova 
008 ; Madiedo et al. 2013 ; Bu ̌cek & Porub ̌can 2014 ; Jenniskens
t al. 2016 ). In particular, sev eral Apollo-type asteroids hav e been
dentified as potentially larger members of the TSC (Olech et al. 
017 ; Spurn ́y et al. 2017 ; Devillepoix et al. 2021 ). 
After analysing the observational properties of the Taurid showers, 

lube & Napier ( 1984 ) expanded on the original hypothesis of
hipple ( 1940 ) and Whipple & El-Din Hamid ( 1952 ) that the

aurid complex was created by the breakup of a large comet 
 few millennia ago. Sublimation-driven meteoroid ejection and 
uccessive fragmentation of the nucleus were proposed to explain the 
ormation of the TMC, the TSC, and large NEAs within the complex.
sher & Clube ( 1993 ), Asher et al. ( 1994 ), and Steel & Asher

 1996b ) first proposed a list of NEAs associated with the complex.
ubsequent studies have greatly expanded this potential NEO list 
e.g. Babadzhanov 2001 ; Porub ̌can et al. 2006 ; Babadzhanov et al.
008 ; Brown et al. 2010 ; Jopek 2011 ; Popescu et al. 2014 ; Olech
t al. 2016 ; Dumitru et al. 2017 ). 

In Egal et al. ( 2021 ), we explored dynamical linkages among
1 NEAs associated with the Taurid complex, as well as with 
omet Encke. We found that only 12 pairs of bodies in our sample
pproached each other with both a low (MOID < 0.05 au) and small
elativ e v elocity ( < 500 m s −1 ) in the past 20 ka. In particular, four
EAs were found to approach each other and comet Encke at a

imilar epoch around 3200 BCE (and more unlikely around 4700 
CE as well). These asteroids, namely 2004 TG10, 2005 TF50, 
005 UR, and 2015 TX24 were previously suggested by others as
ssociated with or producing fireballs at Earth (e.g. Olech et al. 
017 ; Spurn ́y et al. 2017 ; Devillepoix et al. 2021 ). Our earlier
tudy confirmed a potential past dynamical linkage was possible 
olely among these four NEAs and 2P/Encke – we found no other 
imilarly significant linkages among the remaining 47 proposed 
aurid complex NEOs. 
Egal et al. ( 2021 ) showed that most of the 15 TSC fireballs detected

y the European Fireball Network in 2015 also approached Encke 
etween 3000 and 3500 BCE. While a common origin for these 
reballs, the four NEAs and Encke is still an unanswered question, 
o alternative scenario investigated in Egal et al. ( 2021 ) explained
atisfactorily the orbital convergence of all these bodies around a 
ommon epoch. While this dynamical analysis is suggestive of a 
enetic link, a spectral analysis of 2004 TG10, 2005 TF50, 2005 
R, and 2015 TX24 is required to pro v e or reject this hypothesis. 

 M E T H O D S  

eteoroid stream simulations performed in this work follow the 
ethodology described in Egal et al. ( 2019 ). Using an ephemeris of

he comet’s past orbital behaviour as its basis, millions of test particles 
re ejected from the comet nucleus and numerically integrated 
orward in time. The characteristics of Earth-impacting particles, 
s well as the dynamical evolution of the meteoroid stream, are 
ecorded at discrete time steps. In order to calibrate the model with
eteor observations, our primary simulation outputs are: 

(i) the date and duration of potential meteor activity on Earth 
(ii) the characteristics (age, size, etc.) of the trails involved 
(iii) the stream’s structure close to Earth 
(iv) the radiants of Earth-intercepting meteoroids 
(v) the approximate shower intensity 

In this work, we have conducted a series of independent sim-
lations of the formation of the Taurid meteoroid complex. Our 
nalysis includes the development of meteoroid trails using different 
ossible orbital histories of Encke, as well as from other potential
arent bodies. The simulation sets were all created following the 
ame methodology, but some differ in the number of particles 
ntegrated, the age of the trails, or the frequency of particle ejection.
he parameters of each simulation set considered in this work are
resented in Table 2 and in Appendix E. The purpose of this section is
o summarize the main model parameters chosen for our meteoroid 
tream simulations. For additional information about the model, the 
eader is referred to Egal et al. ( 2019 , 2020b ). 

.1 Stream modelling 

.1.1 Particle ejection 

n this work, we wish to simulate the meteoroids ejected from comet
ncke going back to 30 000 BCE, a reasonable upper limit to the
xpected age of the complex given prior work (e.g. Babadzhanov 
t al. 1990 ; Steel et al. 1991 ; Tomko & Neslu ̌san 2019 ). Our model
ssumes ejection speeds consistent with gas drag release; we model 
he comet as a spherical nucleus of 2.4 km in radius, with a density
f 1 g cm 

−3 , a geometric albedo of 0.046 and assume that 10 per cent
f the nucleus’ surface is active (cf. Section 2.1.1 ). Meteoroids are
aken to have a density and albedo similar to the comet. 

As described in Egal et al. ( 2019 ), particles are ejected at each
ime-step where the heliocentric distance r h is below 0.5 au. Though

ost of Encke’s dust emission is confined to heliocentric distances 
elow 1.3 au (cf. Fig. 1 ), we release particles only around perihelion
ince a sensitivity analysis revealed that the ejection location of the
eteoroids do not significantly alter the stream structure around the 
arth at the present epoch (cf. Appendix B). 
Simulated meteoroids are ejected each day from the sunlit hemi- 

phere of the nucleus, following the ejection velocity model of 
rifo & Rodionov ( 1997 ). This model is restricted to the sublimation
f frozen water, responsible for ∼90 per cent of the volatiles flowing
ut of a comet below 3 au (Combi, Harris & Smyth 2004 ), and
ro vides ejection v elocities from nearly zero to 180 m s −1 in our
imulations. 

Given the considerable time-span considered in this work ( � 32
a), particles were not ejected at each apparition of the comet.
eteoroid trails were simulated every f app of the comet, with f app 

onstant for each individual run. The particles created are divided 
mong the following three size/mass/magnitude bins: 

(i) sz1: [10 −4 , 10 −3 ] m, [10 −9 , 10 −6 ] kg, [ + 10 to + 3] mag 
(ii) sz2: [10 −3 , 10 −2 ] m, [10 −6 , 10 −3 ] kg, [ + 3 to -4] mag 
(iii) sz3: [10 −2 , 10 −1 ] m, [10 −3 , 1] kg, [ −4 to −10] mag 

These bins approximately correspond to meteors detectable by 
atrol radars (bin 1), visual/video means (bin 2) and as fireballs
bin 3). Details of the simulations parameters (size bin considered, 
umber of particles ejected, and frequency of apparition of the comet
 app ) are presented in Table 2 . 
MNRAS 515, 2800–2821 (2022) 
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M

Table 2. Summary of the simulation parameters used to generate synthetic meteoroid streams from comet 2P/Encke and several 
NEOs. The first and second columns indicate the name of the simulation set and the parent body selected. Meteoroid trails were 
generated at every f app apparition of the comet since year Y beg . Most models involve the simulation of three synthetic trails at the 
selected perihelion passages, co v ering the size ranges sz1 (0.1–1 mm), sz2 (1–10 mm), and sz3 (1–10 cm). Since the value of f app 

may differ depending on the size range considered, parameters N app /sz1, 2, 3 represent the number of apparitions of the parent 
body at which meteoroids were ejected in the size ranges sz1, 2, 3. Np tot indicates the total number of particles simulated for each 
data set. Finally, the column solution represents which orbital solution for 2P/Encke, as summarized in Table 1 , was used as the 
parent body ephemeris when ejecting meteoroids. 

ID Body N app /sz1 N app /sz2 N app /sz3 Np /app Np tot f app Y beg Solution 

Run 0 2P/Encke 312 0 0 100 3.12 × 10 4 33 30 000 BCE 2 
Run 1 2P/Encke 92 92 91 1000 2.75 × 10 5 100 30 000 BCE 2 
Run 2 2P/Encke 369 4278 329 300 1.49 × 10 6 1–2 ∗ 30 000 BCE 2 

TG1 2004 TG10 1 1 1 1000 3.00 × 10 3 once 3200 BCE 4 
TF1 2005 TF50 1 1 1 1000 3.00 × 10 3 once 3200 BCE 5 
UR1 2005 UR 1 1 1 1000 3.00 × 10 3 once 3200 BCE 6 
TX1 2015 TX24 1 1 1 1000 3.00 × 10 3 once 3200 BCE 7 
2P1 2P/Encke 1 1 1 1000 3.00 × 10 3 once 3200 BCE 2 

TG2 2004 TG10 0 52 0 300 1.56 × 10 4 30 3200 BCE 4 
TF2 2005 TF50 0 52 0 300 1.56 × 10 4 30 3200 BCE 5 
UR2 2005 UR 0 52 0 300 1.56 × 10 4 30 3200 BCE 6 
TX2 2015 TX24 0 52 0 300 1.56 × 10 4 30 3200 BCE 7 
2P2 2P/Encke 0 52 0 300 1.56 × 10 4 30 3200 BCE 2 
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.1.2 Alternative parent bodies 

n addition to comet Encke, we have investigated the potential
ontribution of NEAs 2004 TG10, 2005 TF50, 2005 UR, and 2015
X24 to the Taurid meteor showers. In Egal et al. ( 2021 ), we analysed

he consequences to TMC formation of a hypothetical break-up
vent resulting in the separation of these four asteroids around 3200
CE. Using simple forward models mimicking both a collisional

ragmentation and a gentler separation of cometary fragments 5–6
illennia ago, we concluded that such breakup event is insufficient

o reproduce the full extent of the TMC but may contribute to the
ore of the Taurid showers. 

In Section 6 , we explore the possibility of additional meteoroid
jection from 2004 TG10, 2005 TF50, 2005 UR, and 2015 TX24. No
onclusive proof of cometary-type activity for these NEAs has been
ound; ho we ver, gi ven the lack of available observations we cannot
trongly exclude such activity. To complement Egal et al. ( 2021 )’s
nalysis, we simulate the ejection of meteoroid streams by cometary
rocesses from each of these asteroids beginning in 3200 BCE (and
900 BCE), corresponding to the time of the possible fragmentation
vent found in Egal et al. ( 2021 ). For each NEA, we assume a nucleus
ensity of 1g cm 

−3 and a diameter of 1.32 km for 2004 TG10, 300 m
or 2005 TF50, 170 m for 2005 UR, and 250 m for 2015 TX24 (Lamy
t al. 2004 ; Nugent et al. 2015 ; Masiero et al. 2017 ). The bodies’ Bond
lbedos were taken as 0.017 for 2004 TG10, 0.04 for 2005 TF50,
.07 for 2005 UR, and 2015 TX24 (Nugent et al. 2015 ; Masiero
t al. 2017 ). The parameters of the meteoroid stream simulations
hat we performed from various TMC parents are summarized in 
able 2 . 
In Section 7 , we analyse alternative ephemerides for comet Encke

 v er the past 32 ka. It has been proposed that larger NGFs may
ave acted on Encke in the past (Steel & Asher 1996a ), raising
oubts about the nominal solution (‘nominal Encke’) analysed in
ection 2.2 . Using variations of the A1, A2, and A3 NGF coefficients
Marsden & Sekanina 1973 ) found for Encke as a proxy, we explored
ossible orbital histories of the comet and compared the meteoroid
treams modelled from these alternative ephemerides with nominal
NRAS 515, 2800–2821 (2022) 

s  
ncke. In total, we have generated a full synthetic Taurid stream
or 112 potential past orbital histories of Encke as described in
ection 4.1.1 . 

.1.3 Integration 

he comet and meteoroids in our simulations are all integrated with
 15 th order RADAU algorithm (Everhart 1985 ), with a precision
ontrol parameter LL of 12 and an external time-step of 1 d. The
ntegration is performed considering the gravitational influence of
he Sun, the Moon, and the eight planets of the Solar system. Planet
ositions are obtained using the INPOP13 planetary solution (Fienga
t al. 2014 ). General relativistic corrections and NGFs are also taken
nto account. The meteoroids are integrated as test particles in the
tream, under the influence of solar radiation pressure and Poynting–
obertson drag. The Yarko vsk y–Radzie vskii ef fect is neglected

ince the size of our simulated particles does not exceed 10 cm
Vokrouhlick ́y & Farinella 2000 ). The integrations are performed in
 Sun-centred, ecliptic J2000 coordinate system. 

.2 Data analysis 

.2.1 Terminology 

eteoroids that approach Earth at the current epoch are selected
s potential meteors and compared with Taurid observations. In
rder to a v oid confusion, we adopt in this paper the terminology
efined in Egal et al. ( 2020b ). The term ‘nodal crossing location’ is
pplied to the position of the particle when physically crossing the
cliptic plane, while the words ‘nodes’, ‘node location’, or ‘nodal
ootprint’ indicate the ecliptic position of the particle’s ascending
nd descending nodes (as determined by its osculating orbit at the
poch of interest) even if the particle itself is far from the ecliptic
lane. 
The terms ‘impacting particles’ and ‘impactors’ are applied to

imulated meteoroids whose actual position in space best represent
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eteoroids that may collide with the Earth. In this work, we retain
s possible impactors meteoroids that have a MOID below DX = 

.01 au (Sections 5 and 6 ) or DX = 0.05 au (Section 7 ) with Earth’s
rbit at the present epoch. Because typical Taurid orbits have low 

nclinations ( i < 10 ◦), we find that selection based on the MOID
nd not the nodal crossing distance is most realistic in reproducing 
articles that approach the Earth closely, though their nodes may be 
ar from the Earth’s orbit. 

To complement the MOID-based selection, we also examine the 
elative time between the Earth and the particle’s arri v al at the
rbital location where the MOID is reached. We use this parameter, 
enoted 	 DT , to remo v e or decrease the contribution of particles
hat approach the MOID long before (or after) the Earth has reached
his location. In our simulations, meteoroids that would arrive 

ore than 30 d (Sections 5 and 6 ) or 100 d (Section 7 ) from the
arth’s passage of the MOID longitude are excluded from our 
nalysis. 

.2.2 Weighting scheme 

imulated particles selected with the DX and DT criteria are used to
odel the meteor sho wers’ acti vity profiles and radiant structures.
o bridge the gap between the small number of particles simulated 
nd the real number of meteoroids ejected by the parent body, each
article is assigned a weight representing the actual number of me- 
eoroids released by the comet under similar ejection circumstances 
Egal et al. 2019 ). The weighted number of particles approaching 
arth at a given date is then measured to estimate the model predicted
eteoroid flux F . This may then be converted into a zenithal hourly

ate (ZHR; Koschack & Rendtel 1990 ) for ease of comparison with
bservations. 
The weighting scheme adopted in this work follows the general 
ethodology presented in Egal et al. ( 2020a ). The weight of each

article depends on: 

(i) The initial number of particles ejected at a given epoch and 
ith a given size ( W 0 ) 
(ii) The dust production of the parent body at that heliocentric 

istance ( W r h , measured via Af ρ) 
(iii) The differential size frequency distribution of the particle radii 

fter ejection ( W u ) 

Among these three weights, the value of the size distribution index 
 in W u has the largest influence on the shape of the modelled
ctivity profiles. To impro v e agreement between the modelled and 
bserved activity, additional empirical weights can be applied to 
he simulation. Ho we v er, these only hav e secondary effects on the
hape of the modelled profiles. Such weights can involve the age of
he simulated trails, or the distance of the particle to the planet at
he time of the prediction (cf. Egal et al. 2020b ). Ho we ver, gi ven
he complexity of reproducing four distinct meteor showers with one 
nique model, we choose to restrict the number of tunable parameters 
o a minimum. 

In this work, we therefore keep only one variable parameter, 
o be determined from our calibration fits, within our weighting 
cheme: the size distribution index u (involved in the computation 
f W u ). The values of W 0 and W r h , which depend on the number
f particles simulated and the heliocentric distance of the particle 
t its ejection respectively, are determined automatically during the 
rocessing and do not require any specific calibration. In addition, 
 fixed normalization coefficient K is used to scale all the ZHR
redictions to the average acti vity le v el observ ed for the Taurid
howers as described in Egal et al. ( 2019 ). 
.2.3 Validation 

o validate our stream models, we calibrate our simulations on 
ore than two decades of observations of the NT A, ST A, BT A,

nd ZPE. The radiant structure, average intensity, and variability of 
ach shower as measured with visual, optical, and radar systems and
resented in Egal et al. ( 2022 ) form the basis of this constraining
ata. The major results of that earlier study have been summarized
n Section 3 . 

In this work, we compare the orbital elements and the radiants
f our modelled Taurid meteoroids with the observations of the 
MOR [Webster et al. ( 2004 ); wavelet analysis and individual me-

eors], the photographic meteors selected by Svore ̌n, Kri ̌sandov ́a &
a ̌nuchov ́a ( 2011 ), the night-time Taurids subcomponents identified
y Jenniskens et al. ( 2016 ) and any meteor referenced as a NTA or
TA in the optical CAMS database between 2010 and 2016 (v3.0).
etails about each data set are provided in Egal et al. ( 2022 ). 
As a consequence of the low meteor rates of the Taurid showers, the

ctivity profiles of the NTA, STA, BTA, and ZPE display significant
ariability from year to year. The number, location, and strength 
f the activity peaks were measured to change o v er time and vary
etween optical and radar observations. For this reason, we do not
eek to reproduce the characteristics of each shower during every 
pecific year, but rather focus our analysis on modelling the average
uration, peak time, and intensity of the four showers. 
To accomplish this, we calibrate our modelled streams on the 

verage activity profile of the NTA, STA, BTA, and ZPE presented
n Egal et al. ( 2022 ; see their figs 1 and 2). Since the CMOR radar
rovides consistent, long-term coverage of both day, and night-time 
aurid showers for almost 20 yr, we use the average activity measured
y CMOR between 2002 and 2021 as the primary baseline of our
omparison. We note, ho we ver, that the shape of CMOR acti vity
rofiles, after being scaled to match the shower intensity measured 
rom visual observations, are in good agreement with optical data. 
he main difference between the optical and radar activity profiles 

s the first peak of the STA around 197 ◦ SL, which is at least twice
s strong in the radar profile than in visual data. 

 METEORO I D  E J E C T I O N  F RO M  T H E  

O M I NA L  O R B I T  O F  2 P/ ENCKE  

o provide a baseline for comparison of stream activity produced 
y the ensemble of clones of Encke, in this section, we explore in
etail the evolution and current activity of the meteoroids released 
y our nominal clone of comet Encke, integrated without NGFs 
i.e. using solution 2 of Table 1 ). Since this orbital solution is a
epresentative model for the comet’s evolution within observational 
ncertainties (cf. Section 2.2 ), we eject a large number of meteoroids
rom the comet beginning in 30 000 BCE to produce good number
tatistics. Ho we ver, as we will see, this nominal orbital solution does
ot provide a good match to the o v erall characteristics of the Taurid
omplex. To illustrate the resulting mismatch and moti v ate the search
or alternative clones, we describe the results of this model in some
etail. 
Using this nominal orbital evolution for Encke, we performed 

hree sets of meteoroids ejection to investigate different aspects of 
he stream’s orbital evolution. These simulations are referred to as 
Run 0, 1, 2’ in Table 2 . In Run 0, particles of size 0.1–1 mm were
jected once every 33 apparitions of the comet (i.e. roughly every
00 yr) to monitor the dispersion of small particles more sensitive to
adiative forces. Run 1 encompassed particles of all sizes and was
eant to compare the evolution of particles across the different size
MNRAS 515, 2800–2821 (2022) 
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Figure 3. Nodal crossing locations of the meteoroids ejected from 

2P/Encke’s nominal clone (solution 2), shown in 2021. The orbit of the Earth 
is represented in blue, with the corresponding SL indicated along the orbit. 
The nodal crossing locations are colour-coded as a function of the particle’s 
ejection epoch. The shaded areas represent the duration and maximum activity 
times of the NTA (in blue), STA (in red), BTA (in green), and ZPE (in orange). 
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ins, with close to 100 particles in each size range ejected every
00 yr from the comet’s nominal orbit. Run 2 focused on increasing
he ejection frequency of particles that would produce visual and
ptical meteors, with meteoroids of sizes of 1 mm to 1 cm being
imulated for almost every apparition of the comet. Taken together,
his ‘nominal Encke’ data set comprises about 1.8 million particles
enerated from the comet’s nominal ephemeris (integrated without
GF) from 30 000 BCE to the current time. 

.1 Nodal crossing locations 

he nodal crossing locations of the meteoroid stream produced from
olution 2 circa 2021 is shown in Fig. 3 . An animation representing
he meteoroids orbital motion since 30 000 BCE using the Run 1
ata set is available in supplementary material (cf. Fig. C1.1). After
jection, differential precession of the meteoroid orbits causes the
odal footprint of the stream to extend along ellipsoid-shapes in
he ecliptic plane (hereafter called ‘streamlets’). With time, these
treamlets also evolve to intersect the Earth’s orbit at larger SLs,
reating the multiple branches observed in Fig. 3 . 

Fig. 3 also shows four zones of different colours corresponding to
he average time and duration of the major Taurid showers determined
n Egal et al. ( 2022 ). The time of each shower is indicated by
he semitransparent areas, while epochs of maximum activity are
epresented in darker colours. Blue, red, green, and orange areas
re related to the NTA, STA, BTA, and ZPE meteor showers,
espectively. 

Examining Fig. 3 , we see that meteoroids ejected from nominal
ncke o v er the last 30 ka now co v er a wide range of SL, ranging

rom 20 ◦ to 260 ◦ SL. The highest concentration of meteoroids
round Earth’s orbit is found between SL 90–110 ◦ and 200–235 ◦,
 v erlapping the observ ed maximum activity times of the BTA and
TA. Ho we ver, the number of meteoroids approaching Earth’s orbit

s much smaller outside these longitudes ranges, and no strong
ensity enhancement is noted at the time of maximum activity of the
PE (around 77 ◦ SL) or at the first STA peak of activity (at 197 ◦ SL).
NRAS 515, 2800–2821 (2022) 
It may seem in Fig. 3 that there is a gradient in the meteoroids
ge as function of the SL. Ho we ver, meteoroids ejected a few
ens of thousand years ago also cross the Earth’s orbit where the
ounger trails are located; the nodal footprint of these old trails is
imply more dispersed than material ejected in the past millennia.
ifferential precession acting upon long time-scales explains why
eteoroids ejected 20–30 ka ago co v er a SL range of about 240 ◦; in

ur simulation, only material of that age can contribute to the early
ctivity of the STA and the ZPE. 

The lack of meteoroids during the beginning of the STA and
PE activity is visible in Fig. 4 , which represents the SL of the
eteoroids approaching Earth in 2021 as function of the ejection

poch for solution 2. Only meteoroids with radii greater than 0.5 mm
corresponding to the CMOR detection limit) and approaching
arth’s orbit with a MOID below 0.05 au are presented. The average
ctivity period of the NT A (197–255 ◦), ST A (170–245 ◦), BT A (84–
06 ◦), and ZPE (55–94 ◦) is indicated with red, blue, green, and
range lines, respectively. 
As shown in Fig. 3 , most of the simulated meteoroids are

oncentrated around 94–106 ◦ and 220–230 ◦ SL. The SL dispersion of
he meteoroids in 2021 increases for old trails, allowing a lower limit
o be set for the age of the modelled showers. For this simulation
et, trails ejected prior to 10 000 and 17 000 BCE are necessary
o reproduce the durations of the NTA and STA res,pectively. We
bserve that the BTA can be constructed with trails ejected after
3 000 BCE, while the ZPE require the contribution of meteoroids
jected prior to 20 000 BCE. The preliminary analysis of this stream
odel indicates that the NT A/BT A branch may be younger than the
TA/ZPE, which is consistent with the different perihelion longitudes
ispersion reported for each shower (cf. Section 3 ). 

.2 Activity profile 

he showers’ model activity profile based on solution 2 is constructed
y retaining particles having a MOID with Earth below 0.01 au; we
onsider these as potential impactors. In a second step, particles that
re more than 30 d of approaching or leaving the location of the
arth at the longitude of the MOID are excluded from the impactor
opulation. This second selection stage permits examination of only
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Figure 5. Simulated ZHR v profile of the NT A (blue), ST A (red), BT A 

(green), and ZPE (orange) as thick solid lines as generated from meteoroids 
ejected using solution 2 for comet Encke. The observations of the average 
activity profile measured by CMOR as given in Egal et al. ( 2022 ) are shown 
as thin lines with uncertainty bounds using the same colours. 
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hose particles that are relatively close to the MOID when the Earth
s physically near the MOID as well. After selection, the particles 
re assigned a weight as described in Section 4.2.2 , and the modelled
HR profile computed as detailed in Egal et al. ( 2019 ). 
To compare with observations, we split the meteoroids into four 

ranches depending on each particle’s ecliptic radiant latitude (abo v e 
r below the ecliptic plane) and SL at impact (before or after 140 ◦

L). We thus obtain four modelled profiles at each year that are
ompared with the average profiles measured by the CMOR radar 
cf. analysis in Egal et al. 2022 ). As little variation is seen in the
ctivity and radiant structure modelled each year, we use year 2021 
s a representative example of the results obtained with the nominal 
ncke data set. For comparison, the average activity profile and 

adiant obtained from this model between 2002 and 2021 is provided 
n Appendix C2.1. 

The four activity profiles modelled for year 2021 are shown in 
ig. 5 . The modelled profiles were scaled to the average activity

evels measured in the visual range, denoted by ZHR v . As expected
rom the nodal footprint of the stream presented in Fig. 3 , we see
hat our simulated profiles do not generally reproduce the time of

aximum or duration of the four major Taurid showers. Though the 
aximum modelled NTA activity matches the reported peak time, 

he peak dates of the three other showers are discordant with the
bserv ations by se v eral de grees in SL. In particular, little activity is
etected from the ZPE prior to 87 ◦ SL, or from the STA before 205 ◦

L, in contradiction with observations. 
The modelled profiles in Fig. 5 were obtained using a unique size

istribution index u of 3.2 at the meteoroids ejection (i.e. a mass index 
 of 1.75). We examined profiles obtained with different values of
 and found they were in no better agreement with the showers’
bservations. The profiles obtained by averaging our simulated 
ctivity o v er sev eral years (cf. Appendix C2) do not resolve the large
iscrepancy between our model predictions and the observations. 

.3 Radiants 

he ecliptic radiants of the impacting meteoroids from our nominal 
ncke simulation, colour-coded as function of the SL, are shown in 
ig. 6 . The simulated radiants in 2021 are compared with selected
T A and ST A meteors from the IAU MDC (Svore ̌n et al. 2011 )

nd the CAMS database (Jenniskens et al. 2016 ), as well as with
he core of the shower observed with the CMOR radar (based on
 wavelet analysis). The average location of the simulated radiants 
etween 2002 and 2021, computed at each degree in SL, is provided
n Appendix C2. 

Overall this is a good match between the simulated and observed
adiants. Our model reproduces the radiant location and dispersion of 
he core of the four major showers, except for the early STA radiants
for λ − SL < 190 ◦). This missing portion of the radiant’s structure
s probably related to the lack of STA meteoroids in the simulations
articularly at SL less than 205 ◦, since a few meteors were found to
opulate this radiant area in different years (cf. Fig. C1). 
We note that the modelled ZPE radiants are in good agreement

ith the average radiant observed by CMOR, despite the fact that
he arri v al time of our simulated ZPE differs significantly from
bservations (see Fig. 6 ). This underscores the need for stream
MNRAS 515, 2800–2821 (2022) 
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Figure 7. Simulated activity profiles (top) and sun-centred ecliptic radiants 
(bottom) of meteoroids approaching Earth’s orbit in 2021. Particles were 
released from NEAs 2004 TG10 (cyan), 2005 TF50 (orange), 2005 UR 

(green), 2015 TX24 (red), and comet Encke (dark blue) in 3200 BCE, with 
an ejection velocity of 2 m s −1 . The average activity profile of the NTA, STA, 
BTA, and ZPE determined from CMOR measurements is shown in grey. 
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odels to consider both radiant and activity profiles to impro v e
delity. 
In agreement with previous work (e.g. Tomko & Neslu ̌san 2019 ),

he comparison of our modelled radiants with the observations
uggests a genetic linkage between comet Encke and the four major
aurid sho wers. Ho we ver, the timing of model predicted acti vity
nd duration of these showers is very different from observations.
rom these comparisons, we conclude that we cannot reproduce

hese showers from our nominal version of comet Encke alone. The
ivergence between our modelled stream and the Taurid meteor
howers may be explained by two main hypotheses: either the
elected orbital solution considered for Encke does not represent the
ast trajectory of the comet, or different parent bodies are necessary
o reproduce the extent of the Taurid stream complex. We examine
he second of these possibilities first. 

 F O R M I N G  T H E  TAU R I D S  USING  N E A S  

he long activity of the major Taurid showers has posed a challenge
o most models of the TMC to date. In order to explain the wide dis-
ribution of orbits in the complex, scenarios combining sublimation-
riven meteoroid ejection and successive fragmentations of a larger,
rogenitor cometary nucleus have been proposed (Clube & Napier
984 ; Asher 1991 ; Steel et al. 1991 ). In line with this hypothesis, a
ong list of NEAs associated with the TMC has also been proposed
nd some NEAs directly linked to minor Taurid showers and fireballs
cf. Section 3.2 ). Most previous work has considered such NEAs as
enerally not the source of the Taurid meteoroids, but rather as the
argest remnants of the fragmentation/splitting of a precursor parent
ody which released the meteoroids into space. Taurid complex
EAs may therefore help identify specific dust ejection events from
ast millennia that contribute to the present Taurid activity. 
In Egal et al. ( 2021 ), we identified NEAs 2004 TG10, 2005 TF50,

005 UR, and 2015 TX24 as being possibly dynamically linked to
omet Encke and several STA meteoroids. We refer to these five
odies, including the four NEAs and comet Encke, as the G5 group.
e found that all of the G5 members were at a small MOID and

educed relativ e v elocity with respect to each other around a common
poch circa 3200 BCE. Though we were not able to entirely exclude
he possibility that this orbital convergence is due to a coincidental
ombination of several dynamical effects, this phenomenon could
lso be the marker of the fragmentation of a large parent body about
–6 millennia ago (Egal et al. 2021 ). 
Though such a break-up event may have resulted in substantial

ust production, the simulation of meteoroids ejected during this
vent was found insufficient to explain the full extent of the TMC
nd all the features of the TSC observed in 2015 (Egal et al. 2021 ).
n this section, we perform a more detailed analysis to investigate
he expected contribution of material released during such a splitting
vent to the four major Taurid showers. 

.1 breakup with small velocity ejection 

e begin by simulating a low-speed break-up scenario, correspond-
ng to the separation of cometary fragments with a velocity of a
ew meters per second (Boehnhardt 2004 ). Since the orbit of the
ypothetical progenitor is unknown, we eject 3000 particles from
ach NEA and Encke in 3200 BCE (the time corresponding to the
ossible break-up found in Egal et al. 2021 ), for a total of 15 000
imulated meteoroids. The particles were ejected with velocities of
 m s −1 , and integrated until 2021 as described in Section 4.1.3 . 
NRAS 515, 2800–2821 (2022) 
The activity profiles and the radiants of particles approaching
arth’s orbit with a MOID below 0.01 au in 2021 are presented in
ig. 7 . The nodal distribution of the simulated trails in 2021, very
imilar to the 2015 distribution provided in Egal et al. ( 2021 ), is not
resented here. As found by these authors, meteoroids ejected using
he model of Crifo & Rodionov ( 1997 ), leading to ejection velocities
f 1–125 m s −1 , produced identical results for stream activity today
s the model using ejection speeds of 2 m s −1 . Only the profiles and
adiants of the stream model ejected at 2 m s −1 from the nucleus are
herefore discussed in this section. 

Fig. 7 shows that meteoroids ejected from each of these five objects
ould all be expected to produce meteor activity at similar SLs,

oncentrated around 96–110 ◦ SL and 212–232 ◦ SL. NEAs 2004
G10, 2005 UR, and comet Encke are the main contributors to the
ctivity, with radiants concentrated in the NT A and BT A areas. We
bserve almost no activity related to asteroid 2005 TF50, and only a
oderate contribution from NEA 2015 TX24 with radiants located

n the STA and ZPE regions. 
As noted pre viously, lo w-speed ejecta from the G5 members in

200 BCE do not reproduce the timing of maximum activity or the
uration of the four major Taurid showers. Meteoroids ejected 5000
r ago from each object, including comet Encke, have not precessed
ufficiently to produce the four radiant clusters observed for the
aurids. 
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Figure 8. Simulated activity profiles (top) and sun-centred ecliptic radiants 
(bottom) of meteoroids approaching Earth’s orbit in 2021. Particles were 
released from NEAs 2004 TG10 (cyan), 2005 TF50 (orange), 2005 UR 

(green), 2015 TX24 (red), and comet 2P/Encke (dark blue) in 3200 BCE, 
with an ejection velocity of 1 km s −1 . The average activity profile of the NTA, 
ST A, BT A, and ZPE determined from CMOR measurements is represented 
in grey. 
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Though no conclusive cometary-like activity has been observed 
or any NEA of the G5 group, could subsequent (post 3200 BCE)
ometary-type ejection from these objects increase the width of 
he profiles presented in Fig. 7 ? Assuming that the G5 NEAs are
enetically linked to Encke (and thus possess a cometary nature), 
e simulate the ejection of additional meteoroids trails from these 
bjects using the model of Crifo & Rodionov ( 1997 ). About 15 600
articles were released at every 30 apparitions of each G5 member 
ince 3200 BCE (cf. Table 2 ). The resulting radiants and activity
rofiles in 2021 are presented in Appendix D, Fig. D1. 
We observe that ongoing meteoroid production from the G5 does 

ot significantly alter the radiant distribution or the SL timing of
ctivity in 2021. The main difference between ongoing ejection and 
 single, low-speed ejection event at 3200 BCE concerns the relative 
ontribution of the different G5 members. We note that with the 
jection of more recent trails, Encke becomes primarily responsible 
or the activity in 2021 (especially during the spring around 100 ◦

L); there is also a significant increase in the number of particles
redicted to impact Earth from 2015 TX24 in the STA branch around
16 ◦ SL. In contrast, activity from ejecta originating with NEA 2005 
R becomes negligible compared with Encke, 2004 TG10 and 2015 
X24. From the poor match between the simulated activity profiles 
nd radiant distributions for this scenario, we conclude that the slow 

ragmentation of a large parent body about 5000 yr ago can not
xplain by itself the long duration and the radiant structure of the
ajor Taurid sho wers, e ven assuming ongoing cometary-like activity 

rom each of the residual G5 fragments. 

.2 Breakup with high velocity ejection 

e now examine the hypothesis of a high-velocity breakup of the 
5 progenitor, caused by a collision with another body. The velocity 
ispersion of meteoroids ejected during such event could exceed a 
ew hundred meters per second (Hyodo & Genda 2020 ). To explore
his scenario, we simulate the ejection of meteoroids from the G5 in
200 BCE as previously, but considering this time ejection velocities 
f 1 km s −1 . The model activity profiles and radiants of meteoroids
pproaching Earth’s orbit in 2021 with a MOID below 0.01 au are
resented in Fig. 8 . 
As expected from the meteoroids’ nodal crossing distribution (cf. 

g. 15 in Egal et al. 2021 ), the activity profiles of the simulated
howers co v er a large range in SL, from 56 ◦ to more than 250 ◦ SL.
004 TG10 is found to produce significant activity at the time of the
T A, ST A, and late NT A. Encke and 2005 UR deliver meteoroids
round 88–96 ◦ SL, but do not significantly contribute to the autumn 
howers. In contrast, we find NEAs 2005 TF50 and 2015 TX24 now
roduce notable activity in spring (SL 92–98 ◦) and during the early
TA (SL 185–200 ◦). Meteoroids ejected from asteroid 2015 TX24 
lso reach the Earth around 208–216 ◦ SL. 

In the bottom panel of Fig. 8 , we see that meteoroids ejected
t high velocity from the G5 bodies cover most of the observed
rea of Taurid radiants. Ho we ver, a careful check of the timing of
ach radiant (provided in Appendix D, Figs D2 and D3) reveals a
ystematic difference between the simulated and the observed time 
f the radiants. 
F or e xample, the simulated peaks of activity around SL 88–

8 ◦, matching the time of the BTA meteor shower, are produced
y meteoroids with radiants located abo v e the ecliptic plane (i.e.
ompatible with the radiant of the ZPE). Similarly, the peak in activity 
roduced by 2005 TF50 during the STA ( � 196 ◦ SL) arrives at Earth
rom radiants located in the NTA branch. The same conclusion is
rawn when analysing the autumn peaks related to 2004 TG10 and 
015 TX24; that is this scenario would produce an ‘inversion’ of
he time and radiants of the modelled meteoroids compared with 
bservations. 
In principle, one could examine the evolution of high-speed 
eteoroids ejected from the G5 at different times, with greater 

jection velocities or from different parent bodies in an effort to
educe the timing/radiant discrepancy. Ho we ver, an unlimited range 
f scenarios becomes possible (and increasingly complex/unlikely). 
ence, we restrict ourselves to the conclusions presented in Egal 

t al. ( 2021 ), which are that: 

(i) Only the G5 members showed a plausible orbital convergence 
ith each other in the past, among a sample of 52 bodies 
(ii) If real, this convergence occurred between 3000 and 4900 BCE 

and more convincingly around 3200 BCE) 

Scenarios beyond these are outside the scope of this work. 
o we ver, we also investigated the hypothesis of a high-velocity
reakup of the G5 progenitor around 4700 BCE, corresponding to 
he other (and less likely) epoch of orbital convergence between the
EAs and Encke identified in Egal et al. ( 2021 ). We generated about
000 particles from each NEA around 4700 BCE, ejected with a
elocity of 1 km s −1 . The particles were integrated until the present
poch and processed as described in Section 6.2 . Ho we ver, this
odel produced very similar results to the break-up at high-velocity 

imulated around 3200 BCE and was not further investigated. 
MNRAS 515, 2800–2821 (2022) 
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Figure 9. Simulated activity profile (top panel) and radiants (bottom panel) 
obtained when combining the continuous ejection of meteoroids from Encke 
since 30 000 BCE and the high-speed ejecta released by the comet and four 
NEAs around 3200 BCE (see text for details). The simulated profiles are 
coloured as a function of the epoch of apparition and the radiant location. 
Autumn showers with a radiant located abo v e or below the ecliptic plane are 
represented in blue and red, respectively. Spring showers with northern or 
southern radiants are plotted in orange and green. The sun-centred ecliptic 
radiants are colour-coded as a function of the SL. 
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In summary, our simple model of a high-speed progenitor break-up
violent nucleus fragmentation or collisional disruption) circa 3200
CE fails to simultaneously explain both the radiant structure and

he apparition time of the major Taurid showers. High-speed ejecta
rom Encke, combined with meteoroids released from four NEAs
otentially linked with the comet, do not provide a satisfactory match
ith observations. In the following section, we explore a hybrid

cenario combining the continuous ejection of meteoroids from an
bject located on Encke’s orbit and the hypothetical fragmentation
f the G5 progenitor 5000 yr ago. 

.3 Hybrid formation scenario 

teel et al. ( 1991 ) and Asher ( 1991 ) interpreted the positive cor-
elation of the Taurids’ semimajor axis a and eccentricity e as a
ign of continuous ejection of meteoroids from the parent body o v er
everal millennia. Based on the range of observed Taurid longitudes
f ascending node �, the authors estimated a possible age of ∼10
a for the TMC. Ho we ver, the numerical simulations of cometary
jection, even at high velocity (from 0.25 to 2 km s −1 ), failed to
eproduce the scatter observed for Taurid orbits from the data then
vailable. 

These authors proposed that a hybrid model combining ejection
t perihelion from the parent body and successive disruptions of
ometary fragments in the asteroid belt (that originally separated
rom the progenitor around perihelion) could increase the scatter of
he modelled Taurid orbits. It was suggested that distinct fragmenta-
ions of a progenitor cometary nuclei in the main asteroid belt could
lso explain the clustering in the ( q , �) plot observed for the NTA. 

As a variation on this original hybrid scenario, we analyse the
iming and radiant distributions obtained when combining the regular
utgassing of comet Encke around perihelion since 30 000 BCE
nominal Encke) and the meteoroids ejected at 1 km s −1 from the
5 group around 3200 BCE. The modelled profiles and radiants

omputed from particles approaching Earth’s orbit in 2021 (with a
OID < 0.01 au) are presented in Fig. 9 . The activity profiles are

olour-coded as a function of the apparition date and location of
he radiant: meteors located in the northern branch are represented
n blue in autumn and orange in spring, while the southern branch
s drawn in red in autumn and green in spring. The radiants are
olour-coded as a function of SL at Earth intersection (bottom plot).

We find this hybrid model better reproduces the profile and radiants
f the NTA and late STA ( > 200 ◦ SL) than the previous scenarios.
he meteoroids also populate the southern and northern branches of

he stream intersecting Earth’s orbit in spring; ho we ver, the modelled
TA peak occur about 10 d after the observed maximum activity of

he shower ( � 91–95 ◦ SL) and almost no activity is recorded at the
ime of the ZPE. The model produces significant activity during the
arly STA (185–196 ◦ SL), but with radiants located in the northern
ky. 

The perihelion distance ( q ), semimajor axis ( a ), eccentricity ( e ),
nd longitude of the ascending node ( �) of the simulated meteoroids
s presented in Appendix D, Fig. D4. In that plot, the orbital elements
f particles retained in 2021 for each ejection model (low-speed
plitting, high-speed breakup circa 3200 BCE, and hybrid scenario)
re compared with the orbits of the NTA, STA, BTA, and ZPE
easured by CAMS and CMOR (wavelet analysis). 
We observe that most simulated meteoroids of the STA and NTA

ranches occur within the orbital range reported by CAMS. The
imulations are also in good agreement with the location of the BTA
ore detected by CMOR (wavelet analysis). Ho we ver, as expected
rom our previous profiles and radiant plots, none of the explored
NRAS 515, 2800–2821 (2022) 
cenarios reproduce the observed ZPE orbits. The dispersion of
eteoroids ejected with a velocity of 1 km s −1 matches or exceeds the

catter observed for the NTA, STA, and BTA streams. Ho we ver, most
imulated meteoroids are concentrated into much smaller orbital
anges, of sizes more comparable to the core of the streams observed
y CAMS and CMOR (cf. appendix C2 in Egal et al. 2022 ). 
We find our hybrid model simulation to be compatible with the

esults of Steel et al. ( 1991 ) and Asher ( 1991 ). The modelled particles
eproduce the general trends in ( a , e ) and ( �, q ) summarized in Egal
t al. ( 2022 ). The model does not produce a clear trend in ( a , e ), hence
e cannot reproduce the observ ed ne gativ e correlation between the
eteoroids semimajor axis and eccentricity reported for the STA

ore. On the other hand, we note that ejection from the G5 members
t high velocity (green or blue model in Fig. D4) produce two clusters
f NTA meteoroids in the ( �, q ) plot (separated by the vertical line
n the first panel of in Appendix D, Fig. D4). 

These clusters are located respectively before and after the limit
= 205 ◦ identified by Steel et al. ( 1991 ) from photographic

eteor observations. Though our simulated particles do not entirely
eproduce the two NTA o v erlapping structures observ ed by CAMS
etween � = 130 − 210 ◦ and � = 170 − 290 ◦, the hypothesis of
he collisional breakup of a large progenitor a few thousand years
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go is consistent with the observed double slope in ( �, q ) measured
or optical NTA meteors (Egal et al. 2022 ). 

Though the hybrid scenario impro v es the o v erall agreement
etween our simulations and optical/radar observations compared 
o ejection from nominal Encke alone, the match is still far from
erfect. The three sets of simulations show a systematic time offset
i.e. a shift in �) for the NT A and ST A compared with the wavelet
nalysis of CMOR data. There is also a moderate difference between 
he semimajor axis and eccentricity of the modelled meteor showers 
nd CMOR measurements, though this is reduced when comparing 
he simulations with streams’ cores as observed by CAMS (for the 
T A and ST A; cf. Egal et al. 2022 ). The simulated streams do not

ntirely fill the orbital range co v ered by CAMS, and we are unable
o reproduce the ZPE branch. 

Our model combining a long-term dust emission from the nominal 
rbit of Encke and material ejected during the breakup of the G5
rogenitor 5000 yr ago therefore is able to reproduce some, but not
ll of the major observed characteristics of the TMC. This suggests
hat additional fragmentation events may be necessary to reproduce 
he full extent of the TMC, or that the orbital history of Encke diverges
rom the nominal scenario explored in Section 5 . 

Next we explore this second possibility for formation of the TMC,
amely ejection from a single 2P/Enck e-lik e object but on an orbit
ifferent from nominal Encke. 

 E X P L O R I N G  TAU R I D  F O R M AT I O N  F RO M  

L O N E S  O F  2P/ENCKE  

n this section, we examine the influence of alternative ephemerides 
or Encke on TMC formation. In particular, we wish to establish if
n alternate history of Encke can explain the main features of the
MC today without recourse to any fragmentation events. Despite 

he apparent orbital stability of the comet (cf. Section 2.2 ), its orbit
s chaotic, and the origin and the dynamical history of Encke remain
ncertain. 
Previous models of the comet’s evolution have hinted at the 

ossibility of strong non-gravitational forces acting on its nucleus in 
he past (see Section 2.3 ). This could result in a different ephemeris
han the nominal solution used as basis of our simulations in 
ection 5 . Ho we ver, observ ational constraints on the direction or

he magnitude of these past NGFs exist for the past two centuries at
est (Sekanina 2021 ), a period much shorter than the time-scale of the
MC formation. We will see that additional non-trivial constraints on 
ncke’s orbit are provided by present-day observations of the Taurid 
howers (at least under the assumption that Encke is their parent), as
ell as clues to the origin of this unusual comet. 

.1 Stream models 

o examine the influence of different NGFs acting on Encke o v er
everal millennia, we created a thousand clones of the comet’s 
ominal solution, and integrated these backward to 30 000 BCE. 
ll the clones of the comet started on Encke’s nominal orbit, but
ere gi ven dif ferent (fixed) NGF coef ficients. The clones’ A 1 , A 2 ,

nd A 3 parameters were randomly selected to lie between 0 and 
00 times Encke’s default values stated in Table 1 (solution 1), and
ssumed to remain constant during the integration. We recognize that 
uch an assumption is far from realistic given the kno wn v ariability
f cometary NGFs (Sekanina 1993 ). At this stage, we therefore do
ot pretend to provide an accurate model for Encke; we rather use the
GFs as a simple tool to explore how alternative trajectories within a
easonable range of orbital phase space of the comet’s nominal orbit
ay affect our stream simulations. 
Among the thousand clones generated for Encke, we selected 17 

odies that co v ered the full range in semimajor axis occupied by
he swarm of particles during the integration. The initial conditions 
f these selected clones, as well as the evolution of their orbital
lements, are provided in Table E1.1 and Fig. E2.1. For each of
hese clones, we generated a full synthetic meteoroid swarm, with 
00 particles ejected since 30 000 BCE at every 100 returns to
erihelion of the body, as described in Section 4.1.3 . In total, about
0 000 particles of sizes between 1 and 10 mm were simulated
rom each clone and integrated to the present epoch. More particles
ere generated for one particularly promising clone of our sample, 
hich will be detailed in Section 7.3 . We refer to this collection
f 17 stream models with varying orbital histories of Encke as 
ample ‘A’. 

To complete our investigation, we also performed additional 
tream simulations, co v ering an ev en larger range of possible clones
f comet Encke. A first run was performed by considering 20 extreme
alues of NGF (clones B09 to B30 in Table E1.2), ranging from 0
o 10 −8 au.d −2 in most cases. Another simulation set, restricted to

ore realistic NGF estimates, explored 75 alternative scenarios of the 
omet’s evolution (clones B2-04 to B5-24 in Table E1.3 and E1.4).
or these data sets, five particles were ejected at each perihelion
eturn of the body, with sizes ranging from 0.1 mm to 10 cm. The
volution of all 95 additional clones of Encke, referred to as sample
B’, is represented in Fig. E2.1. 

Combining these simulations sample sets, we examined the struc- 
ure, activity, and radiant of all resulting 112 hypothetical meteoroid 
treams released from Encke’s clones since 30 000 BCE. Taken as
 whole, our stream models comprised about 4.9 million particles 
nte grated o v er 30 000 yr. After a careful selection and weighting of
he particles, we compared for each data set the resulting modelled
tream to the observed characteristics of the major Taurid showers. 

.2 Selecting the most promising clones 

he activity profiles produced by the 17 clones of sample A are
hown in Fig. 10 . For each model, the profile was constructed using
eteoroids approaching Earth’s orbit with a MOID below 0.01 au 

n 2021. The modelled meteor rates are presented in the figure as
 horizontal band, colour-coded as a function of the model ZHR v .
his mode of representation allows quick comparison of the duration 
nd location of the activity peaks (red and yellow areas) predicted for
ach clone with the average ZHR v measured by CMOR. Similar plots
btained for the 95 clones of sample ‘B’ are provided in Figs E2.2
nd E2.3 together with their radiant distribution (Figs E2.4 and E2.5).

From Fig. 10 , we see that even a small variation of Encke’s
phemeris produces significant modification of the shape, duration, 
nd timing of maximum activity of the modelled meteor showers. In
ontrast to the nominal model, we find some clones produce strong
eteor activity at the time of the STA (e.g. A509, A565, A852,
995, B12, B21, or B30) and/or the ZPE (e.g. B23, B24, B30, B3-
4 to B3-06, B5-14, and B5-22, where the dashed numbering is for
nternal record keeping, but still represents unique clones). We also 
ee that numerous clones generate ZHR v peaks at the time of the NTA
nd BTA (e.g. A30, A869, B09, B16, etc.). An initial comparison
uggests that none of the models considered shows a good match with
he o v erall observ ed radar profiles of all four showers simultaneously
n Figs 10 , E2.2, or E2.3. 

Ho we ver, one of our simulated clones (A4) stands out from the
thers as particularly promising. Indeed, we note that only a few
MNRAS 515, 2800–2821 (2022) 



2814 A. Egal, P. Wiegert and P. G. Brown 

M

Figure 10. Synthetic meteor activity produced in 2021 by meteoroid streams modelled from different ephemerides of comet Encke. The ZHR v profile as 
a function of SL of the stream as seen at the Earth produced by each clone is represented by a horizontal band colour-coded by the expected meteor rates. 
Maximum activity regions are represented by yellow to red areas, while moderate rates are illustrated in blue. The average activity profile of the NTA, STA, 
BTA, and ZPE as measured by CMOR is presented for comparison with blue, red, green, and orange lines, respectively. The sample A labelling represents the 
number of the original random clone orbit from the original ensemble of 1000 Encke clones. 
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odies in samples A and B generate meteor activity that approximate
or exceed) the long duration observed for the four Taurid showers
A4, B23, B24, B30, B4-04 and B3-04 to B3-07). Ho we ver, most of
hese clones produce significant rates before 55 ◦ SL or between 110 ◦

nd 160 ◦ SL, where no strong Taurid activity is presently detected.
fter excluding these bodies, we find that only clone A4 and B3-07

re able to reproduce all the measured durations of the NTA, STA,
TA, and ZPE showers simultaneously without predicting significant
ctivity where none is observed. 

When comparing the time of the activity peaks predicted for each
odel, the superiority of clone A4 o v er B3-07 becomes clear. We

bserve that clone A4 produces significant activity at the time of
he BTA (between 83 ◦ and 106 ◦ SL) and during the NTA maximum
between 221 ◦ and 228 ◦ SL). We also observe a secondary maximum
f activity around 197 ◦, matching the time reported by CMOR for
he first STA peak, and around 72 ◦ SL during the ZPE. In contrast,

ost of the activity produced by clone B3-07 is confined between
6 and 100 ◦ SL and 231–237 ◦ SL only, which is a several days after
he reported BTA and NTA peaks. 

.3 Examining clone A4 

.3.1 Profile and radiant 

o explore whether clone A4 of Encke alone can successfully
eproduce the major observed features for all four Taurid showers,
e performed additional stream simulations with this particular

phemeris of Encke. We ejected � 60 particles at each perihelion
assage of clone A4 beginning in 30 000 BCE, constructing a
tream of about 600 000 particles. The meteoroids were simulated
 v er the size ranges 0.1–1, 1–10, and 10–100 mm, which roughly
orresponds to the radar, optical, and visual detector ranges. Par-
icles approaching Earth with a MOID below 0.05 au and 	 T
 100 d at the current epoch were retained as potential meteor-

roducers. 
Given the small number of meteoroids simulated (compared with

he nominal scenario of Section 5 ), it is not surprising that the model
ctivity profiles display moderate year-to-year variability in peak
agnitude (but not location) due to small number statistics. For

his reason, we average the contribution of the simulated showers
NRAS 515, 2800–2821 (2022) 
etween 2002 and 2021, and compare the results with the mean
rofiles measured by CMOR o v er the same time period. 
Fig. 11 shows the average meteor activity and radiants produced

y clone A4. The characteristics of the showers simulated from
lone A4 are in much better agreement with Taurid observations
han any of our prior simulations. Most of the average modelled
ctivity is confined between SL 55–107 ◦ in spring and summer, and
etween SL 176–232 ◦ in autumn. This model therefore reproduces
he long duration of each Taurid shower (except for the late
TA after SL 232 ◦), without predicting significant meteor rates

t different times of the year when little to no Taurid activity is
eported. 

In autumn, the simulated ZHR v profile peaks around 197–198 ◦

L, at the time of the first STA peak ( � 197 ◦), and between 222 and
28 ◦ SL during the plateau of maximum NTA activity. In spring,
he model predicts a maximum BTA intensity around 93–96 ◦ SL,
n agreement with CMOR observ ations. Ho we ver, we note that our
odel does not fully reproduce the main peak observed for the ZPE,

t 77 ◦ SL; only the first peak of the ZPE, which shows contamination
rom the Arietids meteor shower in radar observations, is visible in
he simulated profile around SL 74–75 ◦. 

The radiants obtained with model A4 are also in agreement with the
eneral structure of the Taurids (cf. Fig. 11 , bottom panel). In contrast
o the fragmentation scenario of Section 6 , most of the meteoroids
jected from body A4 have their radiants located in the Northern
emisphere at the time of the NTA and ZPE, and in the Southern
emisphere during the STA and BTA, consistent with observations.
he model also reproduces the location and dispersion of the core of

he four major showers, except for the early STA and NTA radiants
for λ − SL < 187 ◦). Additional simulations to increase the number
f meteoroids retained for SL > 231 ◦ could potentially help fill in
he small portion of missing NTA radiants. 

As expected from the simulated profile, we note that meteoroids
roduced from A4 do not fully reproduce both the timing and radiants
f the ZPE. Though the model is in agreement with the observed ZPE
adiants, the timing diverges by a few days from the reported date
f maximum meteor activity. In contrast, some meteoroids occurring
t the time of the ZPE have their radiants located in the BTA area,
roducing a small cluster of orange radiants visible in Fig. 11 for λ

SL < 340 ◦. 
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Figure 11. Simulated activity profile (top panel) and radiants (bottom panel) 
of the meteoroid stream generated from comet 2P/Encke’s clone A4. The 
simulated profile (solid black line and dots) corresponds to the average 
activity modeled between 2002 and 2021, and compared with the mean 
activity recorded by CMOR (shaded regions) over the same time period. 
NT A, ST A, BT A, and ZPE profiles are represented in blue, red, green, and 
orange, respectively. The modelled radiants are colour-coded as a function 
of the SL, with BT A and NT A meteors plotted with crosses and ZPE or STA 

radiants with dots. 
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Figure 12. Top: relative contribution of particles of different radii (from 

0.5 mm to 10 cm) to the modelled average profile between 2002 and 2021 
from meteoroids ejected by clone A4 of Encke. The solid line shows the 
observed time interval of fireballs associated with the TSC. Bottom: relative 
contribution of trails of different ages to the average activity profile modelled 
between 2002 and 2021 from A4. 

t
m
a  

c

7

H  

n  

w  

a  

o  

t  

A
(  

u  

t  

o  

(
 

c  

u
p  

t
s
C
o  

m

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/2/2800/6632988 by W
estern U

niversity user on 03 N
ovem

ber 2022
The orbital elements of the meteoroids ejected from clone A4 
and from the nominal clone) are compared with observations of 
he stream in Appendix F, Figs F1.1 to F1.4. As expected from the
nalysis of the showers’ profiles and radiants, our simulations show 

enerally good agreement with the NTA, STA, and BTA measured 
rbits. The simulated meteoroids are somewhat shifted in eccentricity 
nd semimajor axis relative to the observations, but remain within 
he dispersion limits of the orbital elements. We find clone A4 to
etter reproduce the core of these showers than the nominal model, 
n particular for the BTA. Both models do not match well the time-
volution of the ZPE orbital elements. 

Despite these limitations, we find that a single, unique weighting 
cheme applied to the stream formed by meteoroids ejected from 

ody A4 since 30 000 BCE can reproduce the duration, timing, and
agnitude of the average NTA, STA, BTA and part of the ZPE meteor

howers. We thus conclude that the four major Taurid showers can 
e reproduced via typical meteoroid ejection from a parent comet 
imilar to Encke, but with a slightly different ephemeris than the 
ominal solution examined in Section 5 . This does not mean that
he Taurids necessarily were produced this way, but the fact that this
odel produces a match to the four major Taurid streams that is

ignificantly better in timing, duration, strength, and radiant location 
ompared to streams from more than 100 other Encke clones we used
o generate potential showers is significant. Thus the A4 ephemeris 
ight provide insights into the history of 2P/Encke (whose origin 

nd past orbital history is a mystery in itself) lead us to examine
lone A4 in more detail. 

.3.2 Meteoroid size distribution and a g e 

aving found a viable single orbital clone of Encke that simulta-
eously explains most of the properties of the four Taurid showers,
e explore the implications of the model fit on the dust production

nd age of Encke. In order to reproduce the relative intensity level
f the four simulated showers, a higher size distribution index of
he meteoroids at ejection was needed for the calibration of model
4. The best agreement between the model and CMOR observations 

presented in Fig. 11 ) was obtained using a size distribution index
 of 4.2, corresponding to a mass index of 2.06. This value exceeds
he estimates of u = 2.8 to u = 3.6 derived from infrared and optical
bservations of Encke’s dust particles in the range 1 mm to 10 cm
cf. Section 2.1.1 ). 

The selection of a large u value in our calibration, which in-
reases the significance of small particles in our simulations, can be
nderstood when examining the size distribution of the impacting 
articles as a function of the SL. In Fig. 12 (top panel), we show
he normalized distribution of particles impacting Earth for different 
ize ranges, corresponding to meteoroids that could be detected with 
MOR (blue) or optical instruments (red and green). The distribution 
f particles greater than 1 cm in radius, corresponding to meteors with
agnitude brighter than −2 is represented in green. 
MNRAS 515, 2800–2821 (2022) 
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Figure 13. 7:2 resonant argument for 2P/Encke’s clone A4. A libration of 
the resonant angle σ around 0 ◦ indicates epochs when the body evolves inside 
the resonance. In particular, low-amplitude oscillations indicate that the body 
is strongly trapped into the 7:2 resonance. 
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We observe that in our model, most of the ZPE activity is produced
y radar-sized meteoroids that would not be detected with optical
nstruments. Most of the early STA activity is caused by small
articles as well, though mm-sized meteoroids are also present after
L 182 ◦. This is consistent with the observation that the first STA
eak around SL 197 ◦ is twice as pronounced in radar data than in
ptical observations, implying that the STA are enriched in small
articles at the beginning of their activity. Larger particles ( > 1 mm
n radius) ejected from the clone A4 are found to contribute more
ignificantly to the NTA, BTA, and late STA activity. 

In our model, fireball-producing meteoroids only approach Earth
etween SL 200 and 232 ◦ and between SL 86 and 120 ◦, suggesting
hat some o v erdense radar echoes could be detected at the time of the
TA. This is also the time interval when a large swarm of impacts
ere detected on the moon in 1975 (Duennebier et al. 1976 ). 
Simulated cm-sized meteoroids are predicted from ejecta of A4 to

ncounter the Earth during the SL interval where the returns of the
aurid resonant swarm (TSC) have been recorded (indicated with a
olid black line in Fig. 12 ). We note that the timing of most of our
odelled fireballs from A4 in autumn precede by a few days the

bserved apparition of the resonant swarm. Ho we ver, a full compar-
son between model A4’s ejecta and the TSC observations requires
dentification in our simulations of those cm-sized meteoroids that
re currently trapped into the 7:2 MMR with Jupiter. The detection
f the TSC in our simulations is discussed in Section 8 . 
We remark that the simulated profile, restricted to particles that

ould be detected by optical instruments (red and green distribu-
ions), produces enhanced meteor rates at the time of the first STA
eak but does not match well the NTA activity. This suggests that
he selected weighting scheme is not optimal for large particles, and
hat a better agreement with visual observations could be reached by
uning the calibration parameters on optical data alone. In particular,
ncluding a weight fa v ouring the importance of young and dense
rails (similar to the fM parameter of Asher 1999 ) would increase
he average NTA and BTA levels and better reproduce the time and
hape of the NTA ZHR v profile (see below). 

Since CMOR provides the only long-term, consistent source of
easurements of all four Taurid showers, we prefer to calibrate

ur simulations on these radar observations. In addition, we aim
o maintain the number of tunable parameters in our model as
mall as possible. Ho we ver, we recognize that the adopted weighting
olution is not unique, and that including additional weights could
ignificantly impro v e the agreement between our model and optical
ata (cf. Section 4.2.2 ). 
The bottom panel of Fig. 12 presents the contribution of trails of

ifferent ages to the average modelled profile. As observed for me-
eoroids ejected from the nominal orbit of Encke (cf. animation C1.1
vailable as a supplementary material), the differential precession of
he simulated orbits o v er long time-scales disperses the older trails
 v er a wide range of SLs. In Fig. 12 , the youngest trails only produce
ctivity during the NTA and BTA meteor showers, while the older
treams contribute to all four Taurid showers. The more recent trails
nvolved in the NT A, ST A, and BT A showers are all concentrated
round the reported times of maximum activity. 

Ejecting meteoroids from model A4, only material released prior to
 2000 BCE approaches the Earth at the present epoch; ho we ver, only

rails ejected prior to � 5000 BCE produce significant meteor activity.
he core of the NTA, STA, and BTA showers can be modelled with

rails ejected after 12 000 BCE, but the inclusion of older material
s necessary to explain the ZPE and early STA activity. In our A4
imulations, trails generated prior to 19 000 BCE do not contribute
o the present Taurid activity. 
NRAS 515, 2800–2821 (2022) 
The stream models generated from the nominal orbit of Encke or
lone A4 both suggest that the NT A/BT A branch contains a higher
roportion of young material than the STA/ZPE. This feature is
roduced primarily by the particle’s precession rates rather than the
omet’s orbit, and is in agreement with the reported dispersion of
he showers’ perihelion longitudes. From Fig. 12 , we see that trails
–14 ka old are probably sufficient to account for the formation of
he NT A and BT A shower, while an age of 9–20 ka is more probable
or the STA. Model A4 also suggests that the ZPE is the oldest of
he four Taurid showers, with most meteors produced more than 16
a ago. Ho we ver, since model A4 does not reproduce accurately the
haracteristics of this shower, this estimate may be a lower limit. 

Although clone A4 does not perfectly reproduce the activity and
rbital structure of all aspects of the four major Taurid showers, the
ynthetic stream ejected from A4 is in much better agreement with
bservations than the nominal solution examined in Section 5 or any
f the streams produced by the more than 100 clones of Encke we
xamined. Our simulations suggest that the general characteristics
f the TMC can be modelled with classic cometary ejection from
n object similar in size and activity to Encke between 5000 and 19
00 BCE, but with a slightly different ephemeris than the nominal
ackward integrated solution for 2P/Encke. 

 DI SCUSSI ON  

ince clone A4 is able to best reproduce the Taurid meteoroid
omplex, we focus in this section on the implications for the TMC
ormation, assuming this specific orbital history of comet 2P/Encke.
ecause the 7:2 MMR plays an important role in the TMC evolution,
e first examine if clone A4 spent significant time within the

esonance in the past. To this end, we computed the value of the
esonant argument σ 7: 2 as described in Asher ( 1991 ): 

7:2 = 7 λJ − 2 λ − 5 ω (2) 

here λJ is the mean longitude or Jupiter, and λ and ω the mean
ongitude and longitude of perihelion of the clone. The evolution of

7: 2 during 30 ka is presented in Fig. 13 . 

art/stac1839_f13.eps


Taurid meteoroids complex 2817 

 

c  

d  

b
0
t
t
f  

A  

a

w  

A  

i  

t
(  

t  

o
s
t

e  

t  

p  

f
D  

s  

o  

i
 

p
o  

(
t
7
a  

	

e
1
t  

a
C  

d
i  

m  

B
 

n  

b  

(
t  

s  

w
r  

m

3

o
4

i

 

o  

n
i  

(  

(  

g
a  

e
 

r  

s  

T
i
c  

b  

c
 

a  

a
c
l
o

 

b  

1  

e  

s

2  

T
B  

s
m  

o
3  

o
 

s  

i  

o  

a
w  

o  

N

t  

c
s
e  

m
t
s  

r
 

m

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/2/2800/6632988 by W
estern U

niversity user on 03 N
ovem

ber 2022
The librations of σ 7: 2 around 0 ◦ between 2000 and 28 000 BCE
learly indicate that clone A4 has been trapped in the 7:2 MMR
uring most its evolution. In particular, we suspect clone A4 to have
een strongly embedded into the resonance between 8000 and 22 
00 BCE, when the amplitude of the σ 7: 2 oscillations decreases. We 
hus conclude that most of the meteoroids modelled from clone A4 
hat could contribute to the present-day Taurids (with ages ranging 
rom 7 to 21 ka) were ejected in the 7:2 MMR. Material ejected after
4 left the resonance (around 2000 BCE) is not expected to produce

ny meteor activity at the current epoch (cf. Section 7.3.2 ). 
Extending this analysis to the other 111 clones of comet Encke, 

e found that this dynamical situation for clone A4 is not unique.
bout 14 per cent of the clones in our sample spent a few millennia

n the 7:2 MMR during the past 30 ka, 3 some of them being strongly
rapped in the resonance during comparable periods of time as A4 
e.g. B5-18). Ho we v er, we observ e in Appendix E, Fig. E2.3 that
hese clones fail in reproducing the peak times and the long duration
f the Taurids. Releasing meteoroids within the 7:2 MMR during 
everal millennia is therefore not a sufficient condition to reproduce 
he showers activity at the present epoch. 

In contrast, meteoroids ejected from a body similar to Encke 
volving in the 7:2 MMR may have contributed to the formation of
he TSC. The TSC is expected to be rich in large meteoroids (small
articles being remo v ed faster from the resonance due to radiative
orces) and to produce enhanced meteor activity at Earth every 3–7 yr. 
etailed modelling of the TSC and its impact on the Taurid meteor

hower is presented in Asher ( 1991 ) or Asher & Clube ( 1993 ). While
ur focus is not to develop an e xhaustiv e model of the TSC, we can
dentify components of our model that apply to the TSC. 

We performed a basic analysis of the A4 data set to identify the
resence of the TSC in our simulations. We examined the evolution 
f the σ 7: 2 argument for each particle of radius greater than 1 cm
corresponding to a meteor of magnitude brighter than −2), in order 
o determine which simulated meteoroids are currently trapped in the 
:2 MMR with Jupiter. We found about 2500 resonant particles that 
pproach Earth at the present epoch with a MOID < 0.02 au and a
 T < 100 d. 
Fig. 14 illustrates the number of resonant impactors predicted to 

ncounter the Earth in autumn (black) and spring (grey) between 
987 and 2050. Despite the small number of particles predicted 
o impact Earth per year ( < 180), o v erall the model shows good
greement with the dates of TSC returns predicted by Asher & 

lube ( 1993 ), indicated by vertical arrows in the figure. 4 Our model
isplays a local maximum at each predicted swarm year (especially 
n spring), with the exception of 1991 that corresponded to a ‘near

iss’ resonance year (e.g. Asher & Izumi 1998 ; Beech, Hargro v e &
rown 2004 ; Johannink & Miskotte 2006 ; Dubietis & Arlt 2007 ). 
Ho we v er, we observ e that man y of the individual swarm years do

ot stand out as extraordinary in Fig. 14 , with similar particle num-
ers recorded in the years before and after the predicted TSC returns
indicated with vertical arrows in the figure). We interpret this artefact 
o be due to our resonant particle selection criterion, which allows a
ingle particle to impact the Earth during se veral consecuti ve years
ithout being remo v ed. Unfortunately, the small number of particles 

etained when imposing more restrictive selection criteria ( < 10 for
ost years) prevents us from high-fidelity modelling of the TSC. 
 e.g. B12, B2-07, B4-13, B4-14, B4-16, B5-02, B5-03, B5-05, B5-15, B5-18 
r B5-19. 
 ht tps://www.cant ab.net /users/davidasher/taur id/swarmyear s.html , accessed 
n April 2022. 

t  

#  

N  

t  

o  

A  
From our simple model, we predict an enhancement in the number
f fireballs at TSC times in the southern branch in autumn and
orthern branch in spring. Most of the selected resonant fireballs 
n our simulations belong to the STA ( � 48 per cent) and the ZPE
 � 39 per cent), with a minor number associated with the BTA
 � 10 per cent) and the NTA ( � 3 per cent). This model is thus in
ood agreement with meteor observations that report enhanced TSC 

ctivity having radiants most closely associated with the STA (Spurn ́y
t al. 2017 ). 

In contrast to this good agreement for the years of expected TSC
eturns, we note that the timing within a given year of the modelled
warm returns are early by several days compared to the observed
SC apparitions (cf. Fig. F2.2). This underscores that our model 

s not well-adapted to large meteoroids. Additional modelling from 

lone A4 (or using a slightly different ephemeris than A4) would
e a good next step to further refine the past ephemeris through
omparison with past TSC observations. 

In this regard, the detailed ephemeris of clone A4 is provided
s supplementary material to this paper (Egal et al. 2022b). The
greement between our simulations using A4 and the general TMC 

haracteristics indicate that the specific orbital evolution of A4 is 
ikely the closest available ‘history’ of the recent dynamical evolution 
f 2P/Encke. 
We do not find in the A4 ephemeris any significant change in the

ody’s orbit that could explain the disco v ery of Encke as late as in
786. Ho we ver, as the currently observable stream is fed by material
jected only prior to 2000–5000 BCE, our orbital constraints do not
peak explicitly to this more recent epoch. 

For the same reason, we emphasize that the scenario where 
P/Encke alone following an orbit similar to A4 populates the current
MC cannot strictly rule out a fragmentation event around 3200 
CE, which might have resulted in the separation of Encke and

everal NEAs. The accumulation of meteoroids ejected from several 
illennia of cometary outgassing from a large body (moving on an

rbit similar to A4) with a significant fragmentation event around 
000–5000 BCE close to the 7:2 MMR would be consistent with the
rbital dispersion of the TMC and the formation of the TSC. 
The results detailed in Egal et al. ( 2021 ) and Section 6 show that the

plitting of a large progenitor 5–6 thousand years ago can efficiently
nject meteoroids into the 7:2 MMR, that would intersect the Earth’s
rbit at the time of the TSC (cf. Fig. 7 ). Ho we ver, dif ferent ephemeris
nd/or fragmentation epochs than the ones considered in Section 6 
ould be required to reproduce the radiants of the TSC, as these are
nly observed in the STA branch but are found to emanate from the
TA branch in our simulations. 
The nodal crossing locations of the meteoroids ejected from both 

he nominal (Fig. 2 ) and A4 clone of comet Encke (cf. Fig. F2.1)
onsistently show the wide dispersion of the stream. For each 
tarting ephemeris, the time range of possible meteor activity 
xceeds 200 ◦ in SL, with the widest spread from old trails. The
odelled nodal streamlets produced by the differential precession of 

he meteoroid trails intersect the Earth’s orbit at multiple locations, 
uggesti ve that se veral additional minor meteor showers may be
elated to comet Encke. 

Table F2.1 in Appendix F summarizes the orbital elements of 15
eteor showers past authors have suggested were associated with 

he Taurid Complex, including the #2 STA, #17 NTA, #173 BTA,
172 ZPE, #156 SMA, #154 DEA, #256 ORN, #257 ORS, #215
PI, #629 ATS, #635 ATU, #632 NET, #634 TAT, #726 DEG, and

he #94 RGE (Asher 1991 ; Tomko & Neslu ̌san 2019 ). The orbit
f each stream is compared with the nodal streamlets produced by
4 and the nominal clone of Encke. These were found to remain
MNRAS 515, 2800–2821 (2022) 
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M

Figure 14. The number of particles simulated from comet 2P/Encke’s clone A4 that are currently trapped in the 7:2 MMR with Jupiter and approach Earth’s 
orbit in autumn (black) and spring (grey). Only particles with radii > 1 cm and MOIDs with Earth’s orbit below 0.02 au were retained. Vertical arrows indicate 
the years of TSC returns predicted by Asher & Clube ( 1993 ) in spring (grey) or autumn (black) between 1987 and 2039. 
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lose to the parent body’s orbit projected on to the ecliptic plane
cf. animation C1.1). Examination of Fig. F2.1 indicates that comet
ncke may indeed be the parent of several of the minor showers listed
bo v e. Ho we ver, as sho wn in Sections 5 and 6 , a careful comparison
etween observations and the modelled stream timing and radiants
s necessary to confirm the link between the comet and these minor
howers, a task beyond the scope of the current study. 

Consistent with Whipple ( 1967 ) and Wiegert, Vaubaillon &
ampbell-Brown ( 2009 ), the age, broadness, and low-inclination
f our modelled streams suggests that Encke is one of the most sig-
ificant cometary contributors to the helion and antihelion sporadic
ources. 

The wide dispersion of the meteoroids close to the ecliptic plane
lso hints that material ejected by the comet may also impact
ther terrestrial planets. Christou, Killen & Burger ( 2015 ) suggested
hat variations of the amount of calcium detected in Mercury’s
tmosphere are due to the encounter of the planet with Encke’s
tream. The authors concluded that the timing of the calcium peak
bserved in Mercury’s atmosphere could be reproduced by impacts
f mm-sized meteoroids ejected from 2P/Encke between 10 000 and
0 000 yr ago. 
Using model A4, about 12 000 simulated meteoroids approach
ercury with a MOID below 0.02 au and with a 	 T < 10 d every

ear at the present epoch. The distribution of Mercury’s true anomaly
ngles ν during the encounter with the stream model is presented
n Appendix H and compared with the calcium vaporization rate
easured by the MESSENGER spacecraft. Consistent with Christou

t al. ( 2015 )’s model, we find that mm to cm-sized particles released
y object A4 between 10 000 and 20 000 BCE would indeed
ncounter the planet today between ν = −9 ◦ and ν = 60 ◦, cor-
esponding to the time of maximum calcium emission. Impacts with
ounger trails are located around ν = 60 ◦, but only involve a small
umber of particles so would not influence the profile significantly. 
Similar to Christou et al. ( 2015 ), our model shows a second

nhancement in Taurid meteoroid delivery to Mercury between ν
 130–180 ◦. The existence of enhanced calcium emission around
= 150–170 ◦ is still uncertain. Ho we ver, model A4 sho ws good

greement with the impact distribution from Taurids on Mercury
resented in Christou et al. ( 2015 ). In addition, their stream age of
2–22 ka is consistent with the estimate of 7–21 ka obtained when
alibrating our model via observed meteor activity on Earth (cf.
ection 7.3.2 ). 
NRAS 515, 2800–2821 (2022) 
 C O N C L U S I O N  

he formation of the Taurid Meteoroid Complex (TMC) remains
 thorny problem. While the genetic relationship between the
aurid meteor showers and comet Encke has been considered in
any works (e.g. Tomko & Neslu ̌san 2019 ), different scenarios

nvolving additional parent bodies have been widely explored. Such
cenarios, generally based on the giant break-up hypothesis of

hipple & El-Din Hamid ( 1952 ) and Clube & Napier ( 1984 ), have
een developed to explain the orbital dispersion of the TMC (Steel
t al. 1991 ), the multiplicity and duration of the associated meteor
howers, and the formation of the Taurid resonant swarm (Asher
991 ; Asher & Clube 1993 ). 
In this work, we detail the results of an e xtensiv e numerical
odelling of the TMC, focusing on the meteoroid streams produced

y comet Encke. Considering 113 possible ephemerides of the comet,
e simulated the ejection of meteoroids from the nucleus since
0 000 BCE and analysed their contribution to the current meteor
ctivity. In total, our simulation set represents more than 6.7 million
articles, which were integrated over 32 ka. Each stream model
as been compared and calibrated on meteor observations of the four
ajor Taurid showers (NTA, STA, BTA, and ZPE) as measured by the
MOR radar, video networks (CAMS and DFN), and photographic

ecords (IAU MDC database). 
Despite the apparent stability of Encke’s evolution, we find that

light variations of the comet’s orbit significantly affect the time and
adiant structure of the simulated meteor showers. Small differences
n the comet’s integration, due to the initial orbit considered, the
nclusion of NGFs, the planetary solution, or the integrator employed
re found to have considerable impact on the TMC modelling,
articularly timing and strength of predicted showers. 
We find that the stream model produced with the nominal

phemeris of the comet, integrated without NGFs, successfully re-
roduces the radiant structure of the major Taurid sho wers. Ho we ver,
he model fails in explaining the peak time of the ST A, BT A, and
PE and their duration. This example highlights the importance of
xamining both the time and the radiants when establishing a link
etween a meteor shower and its parent body. 

To impro v e the agreement with meteor observations, we modelled
eteoroids released by the fragmentation of a large cometary nucleus

round 3200 BCE. Such a hypothetical event was identified in Egal
t al. ( 2021 ) as a possible cause of the separation of Encke and
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our NEAS associated with the Taurid Complex (2004 TG10, 2005 
F50, 2005 UR, and 2015 TX24) from a similar orbit. This work
xplored the possibility of a collisional fragmentation, resulting in 
he punctual ejection of meteoroids at high velocity, and of a gentler
eparation of the parent fragments with ejection velocities of a few 

 s −1 . Ho we ver, each scenario failed in reproducing both the radiant
tructure and the apparition time of each Taurid shower. 

An hybrid model, combining the regular outgassing of Encke since 
0 000 BCE and a high-speed fragmentation event around 3200 BCE,
as found to better reproduce the o v erall Taurid activity and orbital

lements. Ho we ver, this model failed in explaining the ZPE activity
nd the peak time of the BTA. It also produced some activity at the
arly STA, but with radiants located in the Northern hemisphere (i.e. 
ore compatible with the NTA). 
We suspect that including additional fragmentation events, as 

roposed by Steel et al. ( 1991 ) and Asher ( 1991 ), could impro v e the
greement between the simulations and radar/optical observations. 
he ejection of meteoroids at high velocity from a different location 
f the bodies’ precession cycle could also reduce the discrepancy 
ith the observ ations. Ho we ver, since an unlimited range of scenarios 
ecomes possible in this case, we restricted our analysis to the most
lausible fragmentation event around 3200 BCE identified in Egal 
t al. ( 2021 ). 

In addition to a fragmentation origin for the TMC, we examined the 
ossibility that different dynamical histories for Encke might better 
eproduce present Taurid activity. In this re gard, we e xplored 112
ossible orbital histories of comet Encke, and probed the differences 
etween the meteoroid streams produced. We identified one specific 
lone of the comet, called A4, which was able to largely reproduce
he radiants, duration, magnitude, and timing of the average NTA, 
T A, BT A, and ZPE meteor showers. The model’s sole failing is a
oor match to the shape of the late STA ZHR v profile, and the ZPE
ain peak of activity around 77 ◦ SL. However, the characteristics of

he showers simulated from clone A4 are in much better agreement 
ith Taurid observations than any of our prior simulations, including 

he nominal orbit of 2P/Encke (with or without non gravitational 
orces included). 

With model A4, most meteoroids contributing to the present- 
ay Taurids were ejected between 5000 BCE and 19 000 BCE.
he youngest trails approaching the planet were released about 4 
a ago, but do not significantly contribute to contemporary Taurid 
ctivity. Our stream model suggests that trails 5–12 ka old are 
robably sufficient to account for the formation of the NTA and 
TA, while ages of 7–18 ka and > 14 ka are more plausible for the
TA and ZPE meteor showers. Our simulations therefore suggest 

hat the NT A/BT A branch contains a higher proportion of young
aterial than the STA/ZPE branch, which is consistent with meteor 

bservations. 
We find that Encke’s clone A4 was trapped into the 7:2 MMR with

upiter during most its recent evolution (between 2000 BCE and 28 
00 BCE). This feature is not unique among our clones sample; about
4 per cent of the clones of 2P/Encke spent at least a few millennia in
hat resonance. Ho we v er, the orbital history of clone A4 may e xplain
he formation of the TSC, since most of the meteoroids contributing 
o current activity on Earth were initially released within the 7:2 

MR, making it much more likely that larger Taurids would remain 
rapped in the resonance. 

Because of the low-number of resonant particles approaching 
arth at the current epoch in our simulations, model A4 does not
fficiently reproduce all the characteristics of the TSC returns. We 
nd that our model delivers resonant cm-sized particles mostly during 

he STA ( � 48 per cent) and the ZPE ( � 39 per cent), consistent
ith the fireballs rates reported in autumn. The modelled swarm 

ears are also in general good agreement with the predictions of
sher & Clube ( 1993 ), but our simulated TSC profile is shifted

everal days earlier compared to the observations (Devillepoix et al. 
021 ). Exploration of additional simulations, performed from A4 or 
n alternative ephemeris of this specific clone, are likely needed to
eproduce all TSC characteristics. 

Despite these limitations, we find clone A4 of 2P/Encke is able
o reproduce the broad characteristics of the TMC, including the 
adiants and timing of the four major Taurid showers, the expected 
ge and strength of each branch, and the formation and return years
f the TSC. Our results show that the general features of the TMC can
e modelled with classic cometary ejection from an object similar to
ncke between 5000 BCE and 19 000 BCE, that spent most of its

ecent evolution within the 7:2 MMR with Jupiter. 
A specific prediction of our simplified TSC model is that the

utumn swarm return in 2022 should produce fireballs at a level
omparable to the major swarm returns in 1998, 2005, and 2015.
bservers are encouraged to monitor the Taurids during the last part
f October and early-mid No v ember 2022. We also predict this will
e the last strong TSC return until at least the mid-late 2030’s. 
Because of the wide dispersion and low-inclination of the me- 

eoroids simulated, we suspect comet Encke to be a significant 
ontributor to the helion/anti-helion sporadic sources (Wiegert et al. 
009 ), and to deliver material to other planets of the Solar system. In
articular, the A4-produced meteoroid streams at Mercury support 
he findings of Christou et al. ( 2015 ) that variations in the amount of
alcium detected in the planet’s atmosphere may be due to impacts
ith Encke’s dust stream. 
Our model is not incompatible with the hypothesis of large bodies

ragmenting within the Taurid complex. In particular, the age of the
eteoroids approaching Earth in our simulations do not exclude the 

ossibility of a fragmentation event around 3200 BCE as proposed by
gal et al. ( 2021 ). In this scenario, a fragmentation circa 3200 BCE

ed to the the orbital separation of Encke and NEAs 2004 TG10, 2005
F50, 2005 UR, and 2015 TX24. Modelling these additional events 
ould help understanding more subtle characteristics of the Taurid 
omplex, like specific trends in the meteoroids orbital elements or 
he formation of the TSC. 

To encourage future models of the TMC, we provide the ephemeris
f Encke’s clone A4 in Egal et al., 2022b. Despite the limitations of
eteoroid ejected from this clone in reproducing all the charac- 

eristics of the TMC, the promising results obtained in matching 
he main features of the TMC is suggestive that this represents a

ore likely past orbital history of 2P/Encke than other ephemerides. 
his underscores that meteor observations may ultimately be able to 
rovide the missing piece of information required to reveal the origin
f this peculiar comet. 
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SUPPORTING  I N F O R M AT I O N  

Supplementary data are available at MNRAS online. 

Figure S1 . Time evolution of the orbital elements of a thousand 
clones of comet 2P/Encke, integrated from solution 1 in Table 1 
using constant non-gravitational acceleration parameters. Colours 
represent the density of clones at each value of the orbital elements. 
Figure S2 . Time evolution of the orbital elements of a thou- 
sand clones of comet 2P/Encke, integrated from solution 2 in 
Table 1 ignoring the influence of non-gravitational acceleration 
parameters. 
Figure S3 . Top: nodal crossing locations in 2021 of the particles 
ejected around perihelion (in blue) or along 2P/Encke’s orbit below 

3 au. Bottom: ZHR profile (weighted, top) and particles count 
(unweighted, bottom) obtained from each simulation set. 
Figure S4 . Orbital evolution of the meteoroid stream ejected from 

the nominal orbit of 2P/Encke (Run 1 data set, solution 2) between 
30 000 BCE and 2030. 
Figure S5 . The average observed activity profile (coloured and filled 
plots) compared to model predictions from nominal Encke (solid 
coloured lines, left-hand panel). 
Figure S6 . Simulated activity profiles (left) and sun-centred ecliptic 
radiants (right) of meteoroids approaching Earth’s orbit in 2021. 
Figure S7 . Sun-centred ecliptic longitude and latitude of meteoroids 
ejected from NEAs 2004 TG10 and 2005 TF50 that approach Earth 
with a MOID < 0.01 au in 2021. 
Figure S8 . Sun-centred ecliptic longitude and latitude of meteoroids 
ejected from 2005 UR, 2015 TX24, and 2P/Encke that approach 
Earth with a MOID < 0.01 au in 2021. 
Figure S9 . The perihelion distance, longitude of ascending node, 
semimajor axis, and eccentricity of the NTA, STA, BTA, and ZPE 

as measured by CAMS (grey crosses) and CMOR (wavelet analysis, 
black crosses). 
Figure S10 . Orbital evolution of the clones generated from 

2P/Encke’s nominal orbit o v er 30 Ka. 
Figure S11 . Meteor activity produced in 2021 by meteoroid streams 
modelled from different ephemerides of comet 2P/Encke (sample B). 
Figure S12 . Meteor activity produced in 2021 by meteoroid streams 
modelled from different ephemerides of comet 2P/Encke (sample B). 
Figure S13 . Sun-centred ecliptic longitude and latitude of the clones 
presented in Table E1.1 (left-hand panel) or E1.2, E1.3, and E1.4 
(right-hand panel) that approach Earth in 2021 with a MOID below 

5 × 10 −3 au. 
Figure S14 . Perihelion distance, semimajor axis, eccentricity, incli- 
nation, perihelion argument, and longitude of perihelion of NTA 

meteors simulated from 2P/Encke’s nominal ephemeris (yellow) 

and clone A4 (red) approaching Earth with a MOID below 0.01 
au between 2002 and 2021. 
Figure S15 . Perihelion distance, semimajor axis, eccentricity, incli- 
nation, perihelion argument, and longitude of perihelion of STA 

meteors simulated from 2P/Encke’s nominal ephemeris (yellow) 
and clone A4 (red) approaching Earth with a MOID below 0.01 
au between 2002 and 2021. 
Figure S16 . Perihelion distance, semimajor axis, eccentricity, incli- 
nation, perihelion argument, and longitude of perihelion of BTA 

meteors simulated from 2P/Encke’s nominal ephemeris (yellow) 
and clone A4 (red) approaching Earth with a MOID below 0.01 
au between 2002 and 2021. 
Figure S17 . Perihelion distance, semimajor axis, eccentricity, incli- 
nation, perihelion argument, and longitude of perihelion of ZPE 

meteors simulated from 2P/Encke’s nominal ephemeris (yellow) 
and clone A4 (red) approaching Earth with a MOID below 0.01 
au between 2002 and 2021. 
Figure S18 . Nodal-crossing location of the particles ejected from 

clone A4 (left-hand panel) or the nominal ephemeris of comet 
2P/Encke (right-hand panel). 
Figure S19 . Normalized activity profiles produced by resonant 
meteoroids ejected from 2P/Encke’s clone A4. 
Figure S20 . Distribution of Mercury’s true anomaly when impacting 
the simulated A4 stream (particles count). Only particles approaching 
the planet with a MOID below 0.02 au and a 	 T of 10 d were retained 
for the computation. 
Table S1 . Simulation parameters of meteoroid streams ejected from 

different clones of comet 2P/Encke. 
Table S2 . Simulation parameters of meteoroid streams ejected from 

different clones of comet 2P/Encke, with extreme values of non- 
gravitational coefficients A 1 , A 2 , and A 3 . Same notation as in Table 
E1.1. 
Table S3 . Simulation parameters of meteoroid streams ejected from 

different clones of comet 2P/Encke, considering more realistic non- 
gravitational forces. Same notation as in Table E1.1. 
Table S4 . Simulation parameters of meteoroid streams ejected from 

different clones of comet 2P/Encke, considering more realistic non- 
gravitational forces. Same notation as in Table E1.1. 
Table S5 . Orbital elements of several minor meteor showers associ- 
ated with the Taurid complex. 
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