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The Quadrantid meteor shower is among the strongest annual meteor showers, and has drawn the atten-
tion of scientists for several decades. The stream is unusual, among others, for several reasons: its very
short duration around maximum activity (�12–14 h) as detected by visual, photographic and radar
observations, its recent onset (around 1835 AD Quetelet, L.A.J. [1839]. Catalogue des principles appari-
tions d’etoiles filantes) and because it had been the only major stream without an obvious parent body
until 2003. Ever since, there have been debates as to the age of the stream and the nature of its proposed
parent body, asteroid 2003 EH1.
In this work, we present results on the most probable age and formation mechanism of the narrow por-

tion of the Quadrantid meteoroid stream. For the first time we use data on eight high precision photo-
graphic Quadrantids, equivalent to gram–kilogram size, to constrain the most likely age of the core of
the stream. Out of eight high-precision photographic Quadrantids, five pertain directly to the narrow por-
tion of the stream. In addition, we also use data on five high-precision radar Quadrantids, observed within
the peak of the shower.
We performed backwards numerical integrations of the equations of motion of a large number of

‘clones’ of both, the eight high-precision photographic and five radar Quadrantid meteors, along with
the proposed parent body, 2003 EH1. According to our results, from the backward integrations, the most
likely age of the narrow structure of the Quadrantids is between 200 and 300 years. These presumed ejec-
tion epochs, corresponding to 1700–1800 AD, are then used for forward integrations of large numbers of
hypothetical meteoroids, ejected from the parent 2003 EH1, until the present epoch. The aim is to con-
strain whether the core of the Quadrantid meteoroid stream is consistent with a previously proposed rel-
atively young age (�200 years).

Crown Copyright � 2015 Published by Elsevier Inc. All rights reserved.
1. Introduction

The Quadrantids are among the most active meteor showers,
reaching a peak activity of Zenithal Hourly Rate (ZHR) �110 to
130 on 3–4 January each year (Shelton, 1965; Hindley, 1970;
Hughes and Taylor, 1977), as determined by photographic, visual,
video and radar techniques. The stream has recently been linked
with asteroid 2003 EH1 (Jenniskens, 2004).

The Quadrantid shower is unusual among meteoroid streams
presently visible at the Earth for several reasons. Firstly, the Quad-
rantid meteor shower has a short duration of maximum activity,
which we will call the ‘core’ or the ‘‘narrow structure” of the
stream. The Full-Width at Half-Maximum (FWHM) of the core
activity is �0.6 days (Shelton, 1965; Hughes and Taylor, 1977;
Brower, 2006) for visual-sized particles, implying that this central
portion is very young, while the shower as a whole has an overall
duration of significant length �4 days. Secondly, it has only
become active recently, being first noted circa 1835 (Quetelet,
1839; Fisher, 1930). Moreover, the activity of the shower has chan-
ged dramatically over the last 150 years, from a very weak shower
to among the strongest visible at the Earth (Jenniskens, 2006).
Finally, recent radar observations (Brown et al., 2010b) suggest
low level activity of the shower persisting for a few months
(November to mid January), suggesting the stream has an older
component as well.

Presently, the presumed parent body of the core of the Quad-
rantids is the Near Earth Object (NEO) 2003 EH1. 6 Throughout this
paper we will refer to it as asteroid 2003 EH1. The object has been
classified as an Amor type asteroid, although its nature is arguable
based on dynamical criteria. Asteroid 2003 EH1 has a short-period
comet-like orbit, with a Tisserand parameter with respect to
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Jupiter of TJ � 2:0, but currently shows no evidence of cometary
activity, suggesting that it is a strong candidate for either a recently
dormant or extinct comet (Koten et al., 2006).

Prior to the discovery of 2003 EH1, a few other objects with less
similar orbits had been connected to the Quadrantid meteoroid
stream, most notably comet 96P/Machholz (Jones and Jones,
1993; McIntosh, 1990; Babadzhanov and Obrubov, 1992) and
comet C/1490 Y1 (Hasegawa, 1979; Lee et al., 2009; Williams
and Wu, 1993; Williams and Collander-Brown, 1998). However,
the relationship of these bodies to the Quadrantids remains
unclear.

The earliest attempt to tackle the age of the Quadrantid mete-
oroids stream can be attributed to Hamid and Youssef (1963).
The authors carried out a numerical secular perturbation analysis
on the orbit of six doubly photographed Quadrantids and discov-
ered large variations in the perihelion distance and the inclination
of the stream orbit, with a period of 4000 years. Based on the back-
ward secular solutions, the authors argued that the orbital ele-
ments of the six meteors were similar around 3000 years ago.

Williams et al. (1979) calculated the secular variations of the
orbital elements of the mean Quadrantid stream and concluded
that the Quadrantid meteoroid stream may have resulted from
two major comet break-ups about 1690 and 1300 years in the past,
where the resulting meteoroids converged into their present orbit
around 200–150 years ago, explaining the recent appearance of
the stream. Similar work was also performed by Hughes et al.
(1979).

Hasegawa (1979), was the first to propose a potential parent
body for the Quadrantids, noticing a similarity between the orbits
of the mean Quadrantid stream and comet 1491 I (=C/1490 Y1),
recorded in ancient Chinese observations. However, only a
parabolic solution was assumed for the orbit of comet 1491 I,
due to the low observational accuracy in the position of the comet.
Based on the arguable similarity between the orbits of 1491 I
and the Quadrantids, the authors concluded that 1491 I had been
a periodic Jupiter-family comet, which suffered a very close
encounter with Jupiter and was perturbed into a longer period
orbit, where the orbital association with its meteoroid stream
was lost.

Assuming that 1491 I was the actual parent of the Quadrantids
using the calculated orbital elements of the comet, Williams and
Wu (1993) concluded that the stream was created �5000 years
ago. Based on the hypothesis of a very shallow close encounter
between comet 1491 I and Jupiter, Williams and Wu (1993)
demonstrated that prior to the encounter with Jupiter, the eccen-
tricity of the orbit of the comet must had been e � 0:77. The newly
derived value for the eccentricity was used for backwards integra-
tion of the orbit of the comet to about 5000 years. Then, that epoch
was used for the meteoroids ejection whose orbits were integrated
forward until the present. The authors argued that the observed
mean orbital elements of the stream is consistent with dust parti-
cle ejection �5000 years ago. However, the lack of precise orbital
elements for 1491 I, along with a hypothesized close encounter
with Jupiter, renders the later conclusion uncertain. For a similar
work, see also Lee et al. (2009).

Another possible parent of the Quadrantids is the comet 96P/
Machholz (formerly P/1986 VIII). McIntosh (1990) calculated the
secular precession of the orbital elements for the Quadrantids
and comet 96P/Machholz and found that the long-term evolution
of both orbits is strikingly similar, except for their precession
cycles being shifted by a period of 2000 years. The author sug-
gested that the stream was quite old and the phase shift in the pre-
cession cycles is due to the differential precession of the orbits of
the stream and the comet. Moreover, the author argued that Quad-
rantids may be a part of a larger complex of meteoroid stream,
belonging to comet 96P/Machholz.
Babadzhanov and Obrubov (1992) integrated the orbits of three
test particles similar to that of comet 96P/Machholz for 8000 years
back in time. Then 20 test particles were ejected from the nucleus
of 96P at the epoch of 4500 BC and integrated forward until 3000
AD. For that period of 7500 years, the authors argued that mete-
oroids released by 96P can produce eight meteor showers on Earth
within one precession cycle of the argument of perihelion x of the
meteoroids. Six of these showers have been identified as: the
Quadrantids, the Ursids, Southern d – Aquarids, daytime Arietids,
Carinids and a – Cetids. That led the authors to conclude that
96P/Machholz is the parent of the Quadrantid meteoroid stream.
For additional and more extensive work, see also Jones and Jones
(1993) and Kańuchová and Neslušan (2007).

Jenniskens et al. (1997) used �35 doubly-photographed Quad-
rantids taken in 1995 by the Dutch Meteor Society (DMS) (Betlem
et al., 1995), to argue that the age of the central portion of the
Quadrantid stream is only �500 years old and the parent may be
hidden on a Near Earth Object (NEO) – like orbit. With the discovery
of 2003 EH1 in 2003 (Jenniskens and Marsden, 2003; McClusky
et al., 2003), Jenniskens (2004) noted the striking similarity
between the current orbit of the Quadrantids and the orbit of
2003 EH1 and proposed a sibling relationship.

Wiegert and Brown (2005) estimated an approximate age of
200 years for the core of the Quadrantids, based on the nodal regres-
sion rate of the stream and forward integration of meteoroids,
released by 2003 EH1 circa 1800 AD. The authors concluded that
meteoroids released prior to 1800 AD appear on the sky at much ear-
lier times than the first reported appearance around 1835.

The main goal of this work is to estimate the most probable age
of the central portion of the Quadrantid meteoroid stream and its
mode of formation (e.g. cometary sublimation vs. asteroidal dis-
ruption). We seek to first constrain the approximate formation
age assuming 2003EH1 is the parent by first performing backward
integrations of high precision Quadrantid meteoroids to compare
the orbital similarity between the meteoroids and 2003 EH1. Hav-
ing established an approximate age from backward integrations
we then attempt to simulate the formation of the core of the
stream forward in time using the formation epoch found from
backward integration and compare with the characteristics of the
stream. However, our intention is not to provide a complete and
detailed picture of all physical characteristics of the stream, rather
we aim to demonstrate whether the observed overall characteris-
tics of the core of the stream can be explained by assuming a rel-
atively recent (a few hundred years) formation age derived from
backward integrations of individual meteoroids.

As a test of reliability of our backward integration estimate of
the age and formation mode of the stream, we compare the follow-
ing theoretical and observed characteristics of the stream:

1. The timing of the appearance of the stream on the sky (around
1835 AD).

2. The mean position and spread of the geocentric radiant of the
stream.

3. The position of the peak of the activity profile of the core.
4. The width of the activity profile of the core (FWHM � 0.6 days).

Throughout this work, we use an approach similar to that of
Gustafson (1989). That author integrated backward in time the
orbits of 20 high precision Geminids, along with the parent 3200
Phaethon, and compared the epochs at which the orbits of the
Geminids and that of Phaethon intersected. Moreover, he calcu-
lated the probable meteoroid ejection speed and location on the
orbit of the parent, and concluded that the Geminids are consistent
with cometary sublimation that might have taken place on Phae-
thon around 600–2000 years ago. For an exhaustive description
of the method see also Adolfsson (1996).
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2. Asteroid 2003 EH1 and the Quadrantids meteoroid streams

Asteroid 196256 (2003 EH1) was discovered in March 2003 by
the Lowell Observatory Near-Earth Object Search (LONEOS) and has
been designated as a NEO Amor type asteroid. Currently, 2003
EH1 moves on a highly inclined cometary-like orbit with a Tis-
serand parameter with respect to Jupiter of TJ = 2.06 but shows
no evidence of a cometary activity.

Recent photometric observations of the asteroid 2003 EH1 give
an absolute visual magnitude H ¼ 16:2 mag, given by the NASA’s
JPL Small Body Database Browser (http://ssd.jpl.nasa.gov/sbdb.
cgi). The diameter can be found using the expression given by
Chesley et al. (2002):

DðkmÞ ¼ 1329A�0:5 � 10�0:2H; ð1Þ

where A is the geometric albedo and H is the absolute visual mag-
nitude of the asteroid, respectively. A typical albedo value for aster-
oids (depending on the spectral class of the asteroid) is
0.04 < A < 0.4 (Harris, 1989), which using Eq. (1) yields a diameter
of 1.2 km < D < 3.8 km.

The present orbit of the asteroid 2003 EH1 is presented in Fig. 1,
along with the orbits of the Earth, Mars and Jupiter and the mean
Quadrantid orbit. The orbital elements of 2003 EH1 and the mean
orbit of the Quadrantids are given in Table 1, along with other
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Fig. 1. Orbits of asteroid 2003 EH1 (black line) and the mean Quadrantid stream
Jenniskens et al. (1997) (magenta line), viewed from above the ecliptic plane. The
orbit of Earth is indicated with blue, Mars with red and Jupiter with orange colors,
respectively. The portions of the orbits, below the ecliptic are denoted with a
dashed line. The ascending nodes of the orbits of both, the mean Quadrantids and
2003 EH1 are located close to the Jupiter’s orbit. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

Table 1
The osculating orbital elements of asteroid 2003 EH1, comet 96P/Machholz, comet 1490 Y1
(http://ssd.jpl.nasa.gov/sbdb.cgi). The orbital elements of the mean stream are taken from
distances respectively.

Object Epoch (UT) a (AU) e

2003 EH1 04 November 2013 3.122 0.619
96P/Machholz 06 September 2013 3.034 0.959
1490 Y1 26 December 1490 – 1
Quadrantids – 3.14 0.688
previously suggested parents, C/1490 Y1 and 96P/Machholz. The
orbital elements of the mean Quadrantid stream are taken from
Jenniskens et al. (1997).

The observed visual activity profile of the Quadrantid meteor
shower is presented in Fig. 2. It is a composite (average) of activity
profiles, as deduced from visual observations of Quadrantids, in the
years of 1986, 1987, 1989, 1990 and 1992 (Rendtel et al., 1993).
The core of the activity profile is easily seen to be less than a day
wide, with a FWHM � 0.5 days.

Fig. 3 shows the average radar activity profile of the Quadran-
tids (milligram size particles), as observed by the Canadian Meteor
Orbit Radar ‘‘CMOR” (see Section 4 for details). The peak of the
activity, located at k� = 283.1� for equinox of J2000.0, occurs
slightly before the visual meteors peak, but is in agreement within
uncertainty of the two (averaged) profiles. The FWHM corresponds
to approximately 0.8 days, slightly wider than the visual activity
profile (see Fig. 2).

As shown in Fig. 1, the stream of particles producing the Quad-
rantids intersect the orbit of the Earth at their descending node,
whereas the ascending node is located near the orbit of Jupiter.
We emphasize that the mean Quadrantid orbit, as observed from
the Earth, does not necessarily represent the orbit of the entire
physical stream, but rather only that part that intersects the Earth.
Meteoroid streams are usually dispersed and not all members
intersect the Earth, so it is not possible to know the orbits of that
portion of the stream that does not physically intersect the Earth’s
path. Therefore we refer to the mean Quadrantid stream as the
mean of that portion that interacts with the Earth’s atmosphere.

It is also evident that present orbit of the Quadrantid meteoroid
stream and that of asteroid 2003 EH1 are strikingly similar. How-
ever, the proximity of the parent and stream orbits is not a suffi-
cient, nor necessary condition for a relation between the two. For
example, initially close orbits (e.g. stream and parent) may follow
dramatically different dynamical evolution due to the differential
gravitational perturbations and solar radiation forces. Conversely,
and the mean Quadrantid orbit (J2000.0), as given in the NASA’s JPL Horizons System
Jenniskens et al. (1997). Q and q in the table stand for the aphelion and perihelion

q (AU) Q (AU) i (�) x (�) X (�)

1.189 5.054 70.876 171.354 282.962
0.124 5.944 58.312 14.757 94.323
0.737 – 51.65 129.84 295.89
0.98 5.3 71.5 171.2 283.3
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Fig. 2. The average visual activity profile of the Quadrantid meteor shower. The
profile is a stack of a few favorable observations between 1986–1992 (Rendtel et al.,
1993). The peak of the activity is centered around k� = 283.2� for equinox of J2000.0.
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Fig. 3. The average radar activity profile of the Quadrantid meteor shower as
deduced by the Canadian Meteor Orbit Radar ‘‘CMOR‘‘. The profile is an average
profile of all good quality observations between 2002 and 2014.
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two completely different orbits may end up into similar ones due
to the aforementioned effect and result in a ‘‘false” sibling relation-
ship between the two orbits. Thus, robust models of dynamical
evolution of streams must be employed.

Jenniskens (2004) were the first to notice the similarity
between 2003 EH1 and the Quadrantids and proposed the former
as the parent of the stream. However, the lack of cometary activity
on 2003 EH1 and the nature of its orbit make it a strong candidate
for a recently dormant or defunct comet. The real nature, whether
cometary or asteroidal, is unknown due to the lack of favorable
returns and observations, rendering the formation mechanism of
the Quadrantids uncertain.

The nature of 2003 EH1 will determine the underlying mecha-
nism by which it produced the Quadrantids. While cometary activ-
ity is driven by the sublimation of water ice, asteroids may also
shed material by other processes. For example, Jewitt (2012)
argued that the mass loss mechanism from the surface of 3200
Phaethon, another seemingly dormant or extinct comet, producing
the Geminids meteor shower, is due to solar radiation pressure
sweeping.

The inactivity of 2003 EH1 points perhaps to an asteroidal nat-
ure. However, recent spectroscopic and double-station observa-
tions of 51 Quadrantids, revealed that unlike the Geminids the
Quadrantids are not as depleted in volatiles (Koten et al., 2006).
In fact, the authors argued that the Quadrantids fall in a category
between meteoroids of cometary and asteroid origin, and con-
cluded that the parent 2003 EH1 must be a dormant comet. Given
2003 EH1’s comet-like orbit, we will here assume that material is
released from it by traditional cometary activity in our forward
modeling.
3. Meteoroid ejection model

Besides meteoroid ejection due to cometary sublimation, there
are a few other potential mechanism of mass shedding from the
surface of small bodies (e.g. Jewitt, 2012) such as impact ejection,
rotational instability, electrostatic forces, thermal fracture and
radiation pressure sweeping. However, in this work we limit our-
selves to cometary sublimation as the most likely mechanisms of
formation of the narrow core of the Quadrantids.

3.1. Cometary sublimation

Presently, the meteoroid production mechanism due to come-
tary volatiles sublimation is relatively well understood, see e.g.
(Whipple, 1951; Jones, 1995; Crifo and Rodionov, 1997; Ma et al.,
2002; Hughes, 2000). All meteoroid ejection models to a great
extent share the same physical concepts although with slight
modifications.

Perhaps the very first meteoroid ejection model came with the
pioneering work done by Fred Whipple (Whipple, 1951), when he
proposed his ‘‘icy-conglomerate” (‘‘dirty snowball”) comet nucleus
model. In his model, the comet nucleus consists of frozen volatiles
– ices with solid refractory particles embedded within the ice. Once
the comet nucleus is close enough to the Sun, e.g. 3 AU (Delsemme,
1982), the cometary ices begin to sublimate, releasing and drag-
ging along the embedded dust particles. In Whipple’s model, the
meteoroids leave the surface of the comet with speeds:

Vej ¼ 25:4 r�1:125q�1=3R1=2
c m�1=6 ðm=sÞ ð2Þ

where the r is the heliocentric distance in AU, q is the density of the
meteoroid in kg/m3, m is the mass of the meteoroid in kg and Rc is
the radius of the comet in km. However, one major disadvantage of
Whipple’s model, later improved by Jones (1995), is the assumption
of blackbody limited temperature of the comet nucleus. Moreover,
Jones (1995) considered an adiabatic expansion of the escaping
gas, i.e. the sublimation of the ices results in cooling of the comet’s
surface. The terminal speed of the particles, leaving the surface of
the comet, according to Jones (1995) is:

Vej ¼ 29:1 r�1:038q�1=3R1=2
c m�1=6 ðm=sÞ ð3Þ

where the variables and the units are the same as in Eq. (2).
One major shortcoming of Jones’ model is the assumption that

the entire nucleus is active. Direct imaging of the nucleus of comet
1P/Halley, by Giotto and Vega comet probes, showed that the sub-
limation of the nucleus is confined to a small fraction of the come-
tary surface. Nonetheless, a close inspection of Eq. (3) shows that
the latter expression is very similar to that derived by Whipple.
This indicates that accounting for the adiabatic expansion of the
escaping gases and eliminating the blackbody nucleus limitation
yields little difference in the final result for the terminal velocity
of the ejected meteoroids.

More recently, in their work of modeling the dynamical evolu-
tion of the Perseid meteoroid stream, Brown and Jones (1998) used
a slightly modified version of the Jones (1995) ejection speed as a
function of the heliocentric distance. Moreover, the probability of
particles having ejection speed PðV � VejÞ was assumed to be a
parabolic distribution, where the meteoroid ejection directions
are distributed isotropically on the sunlit hemisphere. Regarding
the meteoroid production, we follow Kresak (1976), where the pro-
duction rate is uniform in true anomaly (m). According to Brown
and Jones (1998), the terminal speed at which the meteoroids
leave the surface of the comet is given by:

Vej ¼ 10:2 r�0:5q�1=3R1=2
c m�1=6 ðm=sÞ ð4Þ

with ejection probability distribution:

PðV � VejÞ ¼ 1� V
Vej

� 1
� �2

with 0 < V < 2Vej and 0 outside

ð5Þ
where PðV � VejÞ is the probability of finding a meteoroid with ejec-
tion speed V.

In the beginning of 21st century, several interesting works
appeared in which authors attempted to infer the ejection speeds
of meteoroids causing a meteor outburst at the Earth. Observations
of the profile of the shower, given the meteoroids were released at
a certain perihelion passage of the parent, can be used to analyti-
cally solve for the ejection conditions from the parent. The method
has extensively been applied to the 1999 Leonid outburst (see e.g.
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Göckel and Jehn, 2000; Ma andWilliams, 2001; Müller et al., 2001).
This approach, however, has its limitations, i.e. the meteoroids pro-
ducing the outburst must be large (mm–cm) and originate from
relatively young meteoroid trails (a few orbital periods) (Asher,
2008). The ejection conditions for much older meteoroids is more
difficult (almost impossible) to be deduced as planetary perturba-
tions, over several orbital periods, become significant thus render-
ing the recovery of ejection conditions impossible. This method,
however, is not suitable for our simulations for a few reasons: first
the most probable age of the Quadrantids, based on our backward
integrations, (200–300 years � 35–55 orbital revolutions of 2003
EH1) renders it impossible to apply the above method. Secondly,
we do not have a priori knowledge on the physical properties of
the nucleus, as the cometary activity may vary significantly from
comet to comet. This method, however, is worth for future
investigation.

Throughout this work, for our forward modeling, we choose to
use the above (Eqs. (4) and (5)) ejection model by Brown and Jones
(1998). We assume that 2003 EH1 has a mean density of
qc = 800 kg/m3 – a typical value for a comet nucleus (Weissman
et al., 2004), while for the radius of the parent body we use an aver-
age value of Rc = 1 km, see Section 2. The meteoroids, on the other
hand, are modeled as spherical grains of density q = 1900 kg/m3

(Babadzhanov, 2002), where only the radius of the particles is
allowed to vary (Section 5.3). Due to the present lack of cometary
activity on 2003 EH1, we assume it to be relatively depleted of vola-
tiles such as: CO, CO2, CH4, and NH3 and thus comprising mostly of
water ice (if any) and embedded refractory material (meteoroids).
The water ice begins to sublimate at a heliocentric distance of
roughly r = 3 AU (Delsemme, 1982), thus the meteoroids, in our sim-
ulations, will be released from 2003 EH1 on an arc of the orbit within
3 AU from the Sun, centered at the perihelion of 2003 EH1. For exam-
ple, assuming an orbit similar to that of 2003 EH1, see Table 1, and
meteoroid ejection model that of Brown and Jones (1998), the mag-
nitude of the ejection speed of a meteoroid, with bulk density of
q ¼ 1900 kg m�3 and mass m ¼ 7:6� 10�9 kg (corresponding to a
radius of 1 mm), will be Vej � 18 m/s at r = 1 AU, Vej � 8:8 m/s at
r = 2 AU and Vej � 5:8 m/s at r = 3 AU.
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4. Observational data

In our study, we use the orbital data of eight high-precision
Quadrantids, photographed from multiple stations by the Czech
part of the European Fireball Network (‘‘EN”), (Spurný, 1994;
Spurný et al., 2007). In addition to these bright photographic Quad-
rantids, we also use five core radar Quadrantids observed by the
Canadian Meteor Orbit Radar (CMOR) (Jones et al., 2005), which
sample the smaller members of the stream (milligram size). These
Quadrantids were backward integrated and their orbit compared
with that of 2003 EH1 to search for epochs of close encounters
which might indicate when the material forming the young core
of the stream was released.

4.1. Photographic Quadrantids

Five out of the eight photographic Quadrantids pertain directly
to the narrow portion of the stream, as they have been observed
within a degree from the peak (k� ¼ 283:2�), which we refer to
as ‘‘core Quadrantids”. The remaining three lie slightly outside of
the core of the stream with two extreme cases being December
31 (� 3� from the peak) and January 8 (� 4:2�) (see Table 2). Mete-
ors observed a few degrees away from the peak of the Quadrantid
shower are referred to as ‘‘non-core Quadrantids”.

These bright meteors are of an exceptional importance in our
simulations, as their photometric mass (gram–kilogram) implies
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that the effect of the solar radiation pressure on these meteors,
given the timescale of our simulations of a few hundred years,
would be negligible. However, the mass of each individual photo-
graphic meteoroid can be uncertain by a factor of 3 due to our poor
knowledge of the value of the luminous efficiency s, used for the
estimation of the ablated mass. Thus, in order to ensure that the
effect of the solar radiation pressure has properly been taken into,
we consider a wide range in the b – parameter, where b ¼ FR=FG is
the ratio of the solar radiation pressure to the solar gravity
(Section 5). The assumed values for the b – parameter are:
0;10�3, 10�4, 10�5. The aim is to encompass the entire possible
range in b, because of the a priori uncertainty in the mass of the
meteoroids. The magnitude of b can be expressed as:

b ¼ FR

FG
� 3:54� 10�5 Qpr

m1=3
o q2=3

; ð\cgs" unitsÞ

b ¼ FR

FG
� 3:54� 10�4 Qpr

m1=3
o q2=3

; ð\SI" unitsÞ
ð6Þ

where for instance, a spherical meteoroid of mass 1 gram and bulk
density of q ¼ 1:9 g/cm3 has b � 2:3� 10�5. It is evident that the
larger meteoroids are less susceptible to the solar radiation pressure
and in fact, for bolides (kilogram size) b can safely be assumed to be
zero.

Except the photometric mass, the quality of the data for each
individual photographic Quadrantid is exceptionally good, with
the uncertainty in the speed (before the atmospheric entry) rang-
ing between �0.05% and 0.5%, whereas the radiant position is
known to �0.02�. Unlike other authors who use the mean orbital
elements of the Quadrantids as the starting point for integrations,
we use these high precision observable and measurable quantities,
i.e. the geographic coordinates and speed of a point on the meteor
trajectory and the radiant coordinates. These quantities can
directly be translated into geocentric state vectors for each
observed Quadrantid providing a high precision initial osculating
orbital elements used in our backward simulations.
Table 4
Radiant position and dispersion of the Quadrantid meteor shower obtained by
photographic, video and radar techniques. The coordinates of the average radiant are
given in the Sun-centered ecliptic frame – ecliptic longitude (k� k�) and ecliptic
latitude b.

Source k–k� (�) b (�) r (k–k�) (�) rb (�)

Photographic
DMS 277.8 63.5 2.4 1.1

Video
DMS 278.7 63.6 3.5 0.9
SOMN 275.8 63.6 6.2 1.7

Radar
CMOR 277.2 63.2 6.8 3.1
4.2. Radar Quadrantids

Radar observations of the Quadrantid meteor shower have been
reported by several authors since 1947 (Hawkins and Almond,
1952); with some major studies carried out by e.g. Hawkins and
Almond (1952), Millman and McKinley (1953), and Poole et al.
(1972). Radar observations can be conducted even during
daytime and overcast weather, and can detect meteoroids of much
smaller sizes (milligram size) than those responsible for the visual
meteors (gram–kilogram). Radar observations of the Quadrantids
complement visual measurements as the shower peaks in early
January when weather conditions are often poor in the northern
hemisphere.
Table 3
Data for five high quality radar Quadrantids, belonging to the narrow core of the stream, o
geographic longitude k, latitude / and height h above the ground of point on the meteor tr
geocentric right ascension a and geocentric declination d of the radiant position and the sp
computed heliocentric orbital elements of the meteoroid, semi-major axis a, eccentricity
position is ±0.2�.

Date Time (UT) k (�) / (�) h (km) m� � 10�3 (g) k� (�) a (�)

(J2000.0)

20130103 09:11:22 �82.23 43.22 100.863 1.1 282.98 224
20130103 20:08:57 �79.47 43.55 101.482 1.7 283.44 230
20130103 20:26:56 �80.47 42.83 100.678 0.6 283.45 230
20130103 20:50:27 �78.52 44.25 103.118 5.5 283.47 224
20130104 06:16:11 �80.95 42.91 103.046 5.7 283.87 235
CMOR is a triple-frequency multi-station meteor radar system
(17.45, 29.85, 38.15 MHz), with the main station located near Tav-
istock, Ontario, Canada (43.264 N, 80.772W), and five other
remote sites, recording �4000 orbits per day. Using the time delay
for common echoes between stations and echo directions of the
received signal at the stations, a meteor’s speed and atmospheric
trajectory can be determined. While single station operation regis-
ters echoes (where only echo direction and ranges from the main
site are measured) and provides some physical information about
the meteoroid, a multi-station detection allows for the determina-
tion of a meteoroid’s heliocentric orbit (for details, see e.g. Webster
et al., 2004; Jones et al., 2005; Weryk and Brown, 2013).

During the 2013 campaign, CMOR measured �1440 radar
Quadrantids orbits (with masses of the order 10�3–10�4 g). Out
of that list, we have selected 31 Quadrantids with heights above
100 km, to minimize atmospheric deceleration, and fractional error
in the semi-major axis da=a < 0:1. Of the 31 preliminary selected
Quadrantids, we extracted only 5 with highest signal-to-noise ratio
echoes, as well as the least uncertainty in the atmospheric velocity
�1% where all uncertainties were found using a Monte Carlo rou-
tine approach (Weryk and Brown, 2012). Table 3 lists the observed
geocentric quantities and radiants for these high-quality radar
orbits.

While the velocity is known to �1% in our data set, the mass
estimate of the meteoroid is more uncertain. The ablated mass is
a function of the speed of the meteoroid V in the atmosphere and
the electron line density q (Verniani, 1973), created by collisions
of the evaporated meteoric atoms with atmospheric molecules.
The major uncertainty in the mass arises from the uncertainty in
the electron line density q, which translates into an error in the
mass of a factor of 3 (Weryk and Brown, 2012). For a bulk density
of a meteor of q = 1.9 g/cm3 (Babadzhanov, 2002) and mean value
for the mass of radar Quadrantids m � 3� 10�3 g, see Table 3, this
yields for a typical b – parameter for a radar meteor b � 1:6� 10�4,
if we use for the scattering efficiency Qpr ¼ 1. Even if the mass for
a radar Quadrantid was uncertain by a factor of 3, that would
bserved by CMOR during 2013. The columns represent the date of observation, time,
ajectory, mass m� of the meteoroid, the solar longitude at the time of observation k� ,
eed V1 of the meteoroid above the Earth’s atmosphere. The last four columns are the
e, inclination i and argument of perihelion x. The average uncertainty in the radiant

d (�) V1 (km/s) a (AU) e (�) i (�) x (�)

.2 46.9 42.2 ± 0.7 1.81 ± 0.07 0.466 ± 0.023 74.44 ± 0.41 173.4 ± 1.7

.5 48.4 40.2 ± 0.8 2.01 ± 0.04 0.512 ± 0.011 69.84 ± 0.15 168.1 ± 0.5

.1 48.7 40.9 ± 0.1 2.22 ± 0.06 0.559 ± 0.012 70.56 ± 0.2 169.8 ± 0.3

.1 46.8 41.5 ± 0.1 1.87 ± 0.11 0.476 ± 0.031 73.43 ± 0.59 171.6 ± 2.1

.1 53.6 39.7 ± 0.3 1.91 ± 0.07 0.488 ± 0.021 68.23 ± 0.37 171.2 ± 0.4
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translate in error for the b - parameter b � 2� 10�4 and
b � 1� 10�4 for an under and overestimated mass, respectively.
These last results confirm that we can safely use values for
10�5 < b < 10�3, in order to encompass the entire possible mass
range of the radar Quadrantids.

5. Numerical simulations

We explicitly assume that the parent body of the Quadrantids is
the asteroid 2003 EH1. For each individual Quadrantid, (see Tables
2 and 3), we create 104 hypothetical clones with orbits similar to
each individual Quadrantid (see Section 5.1). We then numerically
integrate the equations of motion of all clones, along with the par-
ent, backwards in time (Phase 1). Once the most probable forma-
tion epoch has been established, via these back integrations, then
that time window is used for meteoroid ejection and forward in
time integration of test particle orbits until the present (Phase 2).

5.1. The ‘‘clones‘‘

The key point is to integrate the equations of motion of a large
number of hypothetical meteoroids (clones) of a Quadrantid
observed in the present epoch, along with the presumed parent
body, backwards in time and to statistically attempt to determine
the epoch of minimum distance between their orbits. This
approach is more reliable rather than trying to locate the nearest
epoch, back in time, when the parent and the meteoroid actually
physically intersect. The latter event is very unlikely to occur,
due to the inherent uncertainties in the position and velocity of
the bodies, as well as computational errors (truncation and
round-off) throughout numerical integrations. Even though the
two bodies are seen to intersect in the simulations, that does not
necessarily imply that we have identified the epoch of meteoroid
release, due to the reasons mentioned above. A simple example
can be used to demonstrate that: Even one has calculated the
semi-major axis a of a meteoroid orbit with an uncertainty of, e.
g. a� da ¼ 2:855� 0:013 AU (as in the case of meteor EN030109
Table 2), over several revolutions of the meteoroid about the Sun,
the uncertainty in its position will dramatically increase. Using
and differentiating Kepler’s third law, it can be demonstrated that;

dT ¼ 3a1=2da
2

ffiffiffiffiffiffiffiffiffiffiffiffi
1� b

p ; ð7Þ

where dT is the absolute uncertainty of the period of an orbit
around the Sun. This yields a relative uncertainty of
dT=T � 7� 10�3 even for b ¼ 0, corresponding to dT � 12 days per
period or one orbit within � 700 years, comparable to the time
scales considered here. It is noteworthy that absolute uncertainty
in dT increases for finite values of b. Thus, the data is not precise
enough to determine when the meteoroid and the parent actually
intersect: such studies will have to await even higher quality mea-
surements. Nonetheless, we can use the intersection of the mete-
oroid and parent orbits to examine when such ejection could have
occurred, as this is a necessary condition for meteoroid stream
production.

For our study, for each observed Quadrantid we create 104

hypothetical clones, randomly selected from a six-dimensional
Gaussian distribution of the six directly observed and measured
quantities: geocentric radiant coordinates (a; d), the geographic
longitude, latitude and altitude (k;/ and h) and the observed veloc-
ity at a point on the meteor trajectory (Vobs). These values can be
translated directly into the initial heliocentric state vectors
{Vix;Viy;Viz} and {Xi;Yi; Zi} of each clone and are used as initial con-
ditions for our backwards numerical integrations of the equations
of motion. Each dimension of the six-dimensional Gaussian, is
centered around the nominal values with one standard deviation
1r being equal to the magnitudes of the uncertainties of the initial
variables (see Table 2). However, at the time of our simulations, we
do not have information about the covariance between the errors
in our initial condition quantities, thus we assume that the errors
are uncorrelated, which may not be the case.
5.2. Phase 1: Backward integrations

The equations of motion of each clone along with the parent are
then integrated backwards in time for 1000 years. The length of the
backward integrations of 1000 years is chosen on the basis of the
assumption of relatively young age of the central portion of the
Quadrantid meteoroid stream (Jenniskens et al., 1997; Wiegert
and Brown, 2005) and because we found that similar Quadrantid
orbits in the current epoch integrated back in time, do not start
to significantly disperse until �1300 AD. In addition, we aimed to
check whether the age of the core of the Quadrantids could be as
old as 500–1000 years as previously argued by some authors (e.g.
Jenniskens et al., 1997; Williams andWu, 1993). We note that inte-
gration for 1000 years back in time is beyond the Lyapunov time,
however the mean orbital elements of the clones of 2003 EH1, at
the epochs of 1000 AD and 1500 AD, are used for forward integra-
tions in order to compare the theoretical characteristics of core of
the Quadrantid stream against the observed ones. Effectively, we
explore whether the observed characteristics of the core of the
Quadrantids can be explained by meteoroid ejections from 2003
EH1 circa 1000 AD or 1500 AD. However, the results from forward
integrations should be treated with caution, in particular when the
initial orbital elements of the parent have been selected from back-
ward integration beyond the Lyapunov time. Therefore, the results
must be treated from a statistical point of view.

Throughout the integrations, we consider the perturbations on
the meteoroids and 2003 EH1 from each planet and also account
for the planets’ mutual interaction. We used the JPL’s ‘‘DE405” ver-
sion of the planetary ephemeris for generating the initial positions
of planets. The mutual interactions among the meteoroids and
2003 EH1 are neglected, i.e. they are considered as test particles.
Throughout the integrations we use Everhart’s RADAU algorithm
(Everhart, 1985). During the first 30 days of the integration of the
orbits of the clones, i.e. when the meteoroid is in the Earth’s vicin-
ity (several Hill radii, where the Hill radius of the Earth �0.01 AU),
we use a fixed time step of 1 min, with the gravitational influence
of the Moon being separately taken into account. When the mete-
oroid is sufficiently far away from the Earth, we then increase the
time step from 1 min to 1 day (from �30 days to �1000 years) in
order to speed up the integrations. The orbital elements for each
hypothetical clone and 2003 EH1 are output at every 10 years. Fur-
thermore, for all meteoroids, except for EN30109 (the largest at
�1.2 kg), we examine four different values for the ratio of the solar
radiation pressure to the solar gravity ‘‘b – parameter”,
b ¼ 0; b ¼ 10�3; b ¼ 10�4 and b ¼ 10�5.

Throughout the backward integrations, we compute the mini-
mum distance between the orbits (MOID) of each clone and the
parent 2003 EH1. The aim is to statistically determine the epoch
when the MOID between each observed Quadrantid and asteroid
2003 EH1 was at a minimum. We assume that the spreading time
in the mean anomaly (�100 years for JFCs and NEOs (Tancredi,
1998)) of meteoroids on their orbit is much shorter than the
spreading time in the other orbital elements. Backwards integra-
tions within a few Lyapunov times can reliably provide informa-
tion on the minimum distance between the orbit of the parent
and each Quadrantid, though longer ones may not. Our calculated
Lyapunov time for asteroid 2003 EH1 is �80 years which is
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consistent with the values for JFC and NEOs found by Tancredi
(1998).

In addition to the computation of the MOID between the parent
and each Quadrantid, we also used the standard orbital similarity
functions DSH (Southworth and Hawkins, 1963) and D0

(Drummond, 1981), between the orbits of the parent and each
clone as a check on our MOID results and found similar behavior.
In an attempt to identify a probable formation mode of the core
of the Quadrantid stream, we also compute the true anomaly h at
the MOID of the orbit of 2003 EH1 and each clone. Meteoroid ejec-
tion due to cometary ice sublimation must be confined within an
arc of the orbit when the parent is sufficiently close to the Sun,
i.e. within r = 3 AU. The backwards integrations of the equations
of motion for the parent, 2003 EH1, indicate that its orbital ele-
ments do not vary dramatically over 200 years from their present
values. If the narrow portion of the Quadrantids was created
through cometary meteoroid ejection around 1800 AD, that must
had happened within an arc of h � �130� from perihelion which
is roughly equivalent to a heliocentric distance of r � 3 AU.

In order to further constrain the meteoroid release mode, we
also compute the relative velocity between the parent and each
clone at the MOID. The aim is to compare whether the ejection
velocities within the arc of water ice sublimation are consistent
with cometary dust ejection speeds (see Section 3). Although, all
meteoroid ejection models yield slightly different ejection veloci-
ties (a few tens to few hundred m/s), nonetheless they all agree
that the latter are unlikely to exceed �1 km/s. Thus, if the relative
velocity between the parent, 2003 EH1, and each observed Quad-
rantid is within few-hundreds m/s, we may argue for cometary
origin of the core of the Quadrantid stream.
5.3. Phase 2: Forward integrations

Using the results of the backward integrations to provide a time
window for the likely formation epoch of the core of the Quadran-
tid meteoroid stream, we next use ejection models (described
below) to generate a hypothetical meteoroid stream and integrate
the equations of motion of the meteoroids forward in time.

Based on the results of Phase 1, we assume that meteoroid ejec-
tions took place between 1700 AD and 1900 AD, and we use this
time window to eject meteoroids from the parent 2003 EH1

between 1700 and 1900 AD. We explicitly assume that parent,
2003 EH1, was an active comet prior to 1900 AD, supplying mete-
oroids to the Quadrantid meteoroid stream, and that activity
ceased after the beginning of 20th century. The latter assumption
will be motivated by our backwards integrations as described later.
Thus, we effectively test the hypothesis whether meteoroids
ejected during between 1700 and 1900 AD could reproduce the
presently observed narrow structure of the Quadrantid stream
(see Section 6 for details).

We first test what is the most likely epoch, at which meteoroids
have to be released from 2003 EH1, so the resulting meteoroids
start intersecting the Earth’s orbit around 1835 AD i.e. when the
stream was first noticed. For this purpose, we eject 104 meteoroids,
of both radar (100 lm to 1 mm) and visual sizes (1 mm to 1 cm), at
various epochs as a single outburst from the parent and propagated
their equations of motion forward in time. The ejection model that
we used for the single outburst meteoroid ejection is the one by
Brown and Jones (1998), described in Section 3. We note here that
the epochs, at which radar and visual size meteoroids are released
from the parent so they can reach the Earth around 1835 AD, are
slightly different. This is due to the different orbital evolution of
micron and centimeter sized meteoroids, for which the magnitude
of the solar radiation pressure force is different. Once the ‘‘correct”
time window of meteoroid release has been identified (i.e. the
resulting meteoroids reach the Earth around 1835 AD), we then
use that time window as a starting point for continues meteoroid
ejection over multiple perihelion returns of 2003 EH1. In the case
of visual size particles this time window is between 1780 and
1786 AD, whereas for radar size meteoroids it is between 1790
and 1796 AD (see Section 6).

In the case of meteoroid ejections over multiple perihelion
returns of the 2003 EH1, 104 meteoroids are released at each peri-
helion passage of the parent (within an arc of 3 AU, centered at the
perihelion of 2003 EH1), both at radar and at visual sizes, to com-
pare with both observation techniques. The meteoroid ejection
speeds considered are described in Section 3. The number of parti-
cles, in a given size bin, were chosen uniformly in the logarithm of
the size. During the integrations, the orbital elements, the resultant
radiant position and geocentric velocity for the meteoroids are
computed for each day. That allows us to closely examine the
activity profile of the resultant stream as a function of the mete-
oroid size, i.e. radar and visual meteors, and compare it with the
observed activity profile, radiant position and dispersion and geo-
centric speed.

We would like to note, that we also performed sample simula-
tions assuming the extreme values for the radius of 2003 EH1, i.e.
Rc = 2 km (see Section 2) as well as the density of the meteoroids
within 0:8 g=cm3 < q < 3 g=cm3. However, the variation of the
radius of the parent, did not show a noticeable difference in the
final results. Furthermore, we also repeated the simulations with
all variables as above, i.e. parent’s radius and density of mete-
oroids, number of meteoroids ejected per perihelion return of
2003 EH1, meteoroid masses and b-values, etc., thus replacing only
the ejection speed model with the one resulting from hydrody-
namical study of the cometary circum-nucleus coma by Crifo
et al. (1995) and Crifo and Rodionov (1997). The latter model is
generally known to yield slightly lower meteoroid ejection speeds,
as compared to e.g. Whipple (1951) and Brown and Jones (1998).
Effectively, this allowed us to test the significance of the magnitude
of the ejection speeds on our final results, keeping all other param-
eters same as above. However, the overall results did not show a
modest difference, thus implying that the considered ejection
model has negligible effect on the final results, over the time scale
of integrations we are concerned with. We thus, did not see any
strong reason to further investigate which ejection model (e.g.
Brown and Jones, 1998) should be considered over another, e.g.
Crifo et al. (1995) and Crifo and Rodionov (1997). Therefore, in this
work we only present the results from the simulation, carried out
assuming meteoroid ejection speeds modeled by Brown and Jones
(1998).
6. Results

6.1. Phase 1: Meteoroid release epoch

In Phase 1, we integrated 104 hypothetical clones backwards for
each observed Quadrantid (eight photographic and five radar). For
brevity we show the results, from backward integrations, for only
three core and two non-core Quadrantids. Moreover, we show the
results for only b ¼ 0, as the other instances of b yielded similar
outcomes. The simulations are thus almost insensitive to the mete-
oroids’ mass range, given the time scale of our simulations. Despite
solar radiation pressure force being non-negligible for micrometer
and millimeter sized particles, we do not find that modestly larger
beta values noticeably change the final results.

Fig. 4 shows the evolution of the MOID (left panels) and the rel-
ative velocity at the MOID (right panels), between the orbits of
2003 EH1 and 104 clones, for three core Quadrantids. The
y-dimension of each pixel in Fig. 4 is equal to �0.005 AU in the left



Fig. 4. The Minimum Intersection Distance (MOID) (left panels) and the relative velocity at the MOID (right panels) between the orbits of asteroid 2003 EH1 and 104 clones for
each the three photographic meteors, belonging directly to the core of the Quadrantid meteoroid stream. The pixels in the figure are color coded in the hue of the blue color,
with a darker blue corresponding to a greater number of clones. The red curve in the right panels correspond to the median value of the MOID at the given epoch. The relative
velocity at the MOID is presented in a logarithmic scale in the panels on the right hand side of the figures. Clones with MOID > 0.01 AU are not plotted in the right hand panels.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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panels and �0.01 km/s in the right panels, whereas the
x-dimension is 10 years. It is clearly seen, from Fig. 4, that the
MOIDs between the clones of each integrated core-Quadrantid
and 2003 EH1 show a deep minimum �200–300 years before the
present (�1700–1800 AD), with little dispersion in the MOID at
that particular epoch. The same general tendency of the MOID,
with a minimum between 1700 AD and 1800 AD, was observed
even for particles with extreme values of b ¼ 10�3.

Similarly, Fig. 6 shows the evolution of the MOID (left panel)
and relative velocity at the MOID (right panel), as above, for
‘‘non-core” (observed outside the narrow peak of the stream)
meteoroids. Unlike core-Quadrantids, their non-core counterparts
did not show an obvious minimum of the MOID. The exception
was non-core meteor number EN060111 which did show a weak
minimum in the MOID around 1650 AD but with a relatively high
dispersion. We suggest that the non-core Quadrantids are much
older, though the Lyapunov times are such that longer backwards
integrations to confirm this hypothesis are problematic.

As an additional test as to the age of the core of the Quadrantid
stream, we also computed the standard similarity functions DSH

(Southworth and Hawkins, 1963) and D0 (Drummond, 1981),
between the orbits of the clones of each individually observed



Fig. 5. The evolution of the similarity criteria, DSH (Southworth and Hawkins, 1963) (left panel) and D0 (Drummond, 1981) (right panel), for 104 clones of each Quadrantid as a
function of time. The red curve corresponds to the median value of the similarity functions, DSH and D0 , respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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core-Quadrantids and 2003 EH1 Fig. 5. However, here we present
the results for only 3 bolides, EN030109, EN040180 and
EN040192. The results for the rest of the core-Quadrantids yielded
similar results. The size of each pixel in the left panels is
dx ¼ 10 years, dy ¼ 0:01, whereas in the right panels (D0 criterion)
dx ¼ 10 years, dy ¼ 0:005. Both similarity criteria yielded an
unambiguous deep minimum between 1700 and 1800 AD, similar
to the MOID criterion, for the core-Quadrantids. However, in
the case of non-core Quadrantids there was not a clear minimum
of the similarity function, the results which we have omitted
here.

The effect of varying the b – parameter had little effect, that is
the evolution of both, DSH and D0 criteria, yielded a minimum
between 1700 and 1800 AD. The latter result is not surprising,
given the time scale of our simulations and in particular the time
of interest (200–300 years), i.e. a few Lyapunov times.

We present the results for only one radar core-Quadrantid,
since all other cases yielded similar results. From Fig. 7 it can be
seen that, as in the case of the photographic core-Quadrantids,
the minimum value of the MOID between the orbits of the parent
and the fictitious clones of meteor 20130103-20:26:56 is reached
around 1700–1800 AD. The simulations for different b – values also
yield similar results. Fig. 8 shows the evolution of the orbital
similarity functions, DSH and D0, between 104 clones of the radar
core Quadrantid 20130103-20:26:56 and 2003 EH1. In this case,
the minimum of the similarity criteria was somewhat less obvious



Fig. 6. The Minimum Intersection Distance (MOID) (left panels) and the relative velocity at the MOID (right panels) between the orbits of asteroid 2003 EH1 and 104 clones for
two photographic meteors, not belonging directly to the narrow core of the Quadrantids. Clones with MOID > 0.01 AU are not plotted in the right hand panels.

Fig. 7. Evolution of the Minimum Orbit Intersection Distance (MOID), between the orbit of 2003 EH1 and ten-thousand fictitious clones of the radar meteor – 20130103–
20:26:56 over a period of one-thousand years. This radar meteor belongs to the core of the Quadrantids. The red curve represents the median value of the MOID at a given
epoch. Clones with MOIDs > 0.01 AU are not plotted in the right hand panels. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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but still around 1800 AD. We note that radar orbital measurements
are of lower precision compared to photographic or video observa-
tions. Nevertheless, the minima of the similarity functions, occur-
ring after 1700 AD supports the hypothesized young age of the
core of the Quadrantids.

As was the case with the photographic core Quadrantids, varia-
tion of the ratio of the solar radiation pressure to the solar gravity b
did not change the overall results for radar meteoroids as to the
position of the minima of both similarity functions. The latter
result seems to be reasonable, given the time windowwe are inter-
ested in (200–300 years).

All lines of evidence from the backward integrations in Phase 1
point strongly to an origin in the past 200–300 years for the core
Quadrantids.



Fig. 8. Evolution of the orbital similarity criteria, DSH and D0 , between the orbit of 2003 EH1 and ten-thousand fictitious clones of the radar meteor – 20130103–20:26:56 over
a period of one-thousand years. This radar meteor belongs to the core of the Quadrantids. The red curve represents the median value of the similarity functions. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. The true anomaly of 2003 EH1 at the MOID of 104 fictitious meteoroids
(clones) of the core-Quadrantid photographic meteor – EN040180 for a time span of
1000 years.
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6.2. Phase 1: Formation mechanism of the Quadrantid meteoroid
stream

Another goal of this work is to constrain the formation mode of
the core of the Quadrantid meteoroid stream. More precisely, we
aim to test if it is consistent with the hypothesis of cometary
origin.

We recall that existing dust ejection models from comet nuclei
suggest that the ejection velocities are much smaller (few tens-
hundreds m/s) than the orbital speed of the comet (few tens of
km/s at perihelion), with extreme ejection velocities not exceeding
1 km/s (see, e.g., Whipple, 1950; Whipple, 1951; Jones, 1995; Crifo
et al., 1995; Crifo and Rodionov, 1997).

In order to test if the Quadrantid meteoroid stream may have
resulted from a cometary activity on 2003 EH1 we follow an
approach similar to Gustafson (1989) and Adolfsson (1996), com-
paring the relative velocity at the MOID between 104 clones of each
photographic and radar core-Quadrantid and 2003 EH1. It has to be
noted, though, that this approach has its limitations and should be
used carefully. The uncertainties in all measurements, e.g. position
of the meteoroids and velocities are finite which over time will
tend to increase. Therefore we emphasize that, we utilize this
method assuming the age of the ejected meteoroids is less that a
few Lyapunov spreading times of the meteoroids along their orbits.
Secondly, there are uncertainties in the calculations of the mete-
oroids’ initial (pre-atmospheric) masses, where the latter come
into the equations of motion primarily by their b-values. Thus,
the results from the simulations must be treated from a statistical
point of view. Nevertheless, assuming that the core of the Quad-
rantid meteoroid stream is relatively young, compared to the Lya-
punov spreading time, we should be able to approximately
constrain its age, treating the results from the backward and for-
ward integrations in a statistical sense.

The results for the relative velocity between 2003 EH1 and 104

clones of each photographic Quadrantid is presented in Fig. 4 (right
panels) and radar Quadrantids in Fig. 7 (right panels). The epoch of
interest is the one centered between �200 and �300 years from
the present. Relative velocities are computed only for clones with
MOIDs less than 0.01 AU from the orbit of 2003 EH1.

During the minimum of the MOID (left panel), the relative
velocity at the MOID between the clones of each core Quadrantid
and the parent 2003 EH1, range from about 0.1 to 2 km/s. These
values are on the high side for cometary ejection processes, as
the ejection speeds of meteoroids leaving the surface of 2003
EH1, given the perihelion distance, even for micrometer meteoroids
are unlikely to exceed 200 m/s. However, the process of generating
clones within the uncertainties necessarily generates many incor-
rect orbits: only one clone within the ensemble is the real particle.
Thus, the existence of even one clone with a relative speed at the
MOID suggests a possible cometary origin.

The lowest relative velocities within the clones of the core
Quadrantids and 2003 EH1, range from 200 m/s to 800 m/s, with
the majority of the clones having relative velocities exceeding
1 km/s. Only 2 clones of bolide EN040180 attained a very
low relative speed of �80 m/s while most had speeds as great
as a few km/s. We conclude that these results are marginally
consistent with cometary ejection processes but cannot be used
as definitive proof for a cometary sublimation origin for the core
of the stream.

Similar results are found for the radar core Quadrantids (Fig. 7).
Here we see even larger dispersion in the ejection speed from the
parent, ranging from 0.8 km/s to �5 km/s, around 1800 AD. How-
ever, only between 1 and 4 particles demonstrated relative speeds
of 0.8 km/s, while the majority had speeds above 1–3 km/s. This
result is poorly consistent with the expected meteoroid ejection
speed from comets, i.e. it is unlikely that meteoroids would leave
the surface of the parent with speeds of 800 m/s, at a heliocentric
distance of 1 AU under cometary sublimation alone. We recall,
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however, that the errors in the initial values of the position and
speed of the radar meteoroids in the Earth’s atmosphere are larger
than those obtained by photographic observations.
Fig. 10. The true anomaly of 2003 EH1 at the MOID of 104 fictitious meteoroids
(clones) of the radar meteor - 20130103–20:26:56, for a time span of 1000 years.
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Fig. 11. Evolution of the descending nodes of meteoroids (upper panels) ejected from
reported appearance of the Quadrantids (Quetelet, 1839). The blue line marks the year 20
shower. Only meteoroids with nodes within 0.01 AU of the Earth’s orbit are plotted. The
dots), ejected from 2003 EH1 at the given ejection epoch, superimposed over the observed
triangles are individual Quadrantid radiant positions from the Dutch Meteor Society DMS
the green squares are the Quadrantid radiants as detected by the Southern Ontario Mete
ellipses are centered at the mean values of the individual data sets, whereas the ell
interpretation of the references to color in this figure legend, the reader is referred to th
As an additional constraint, as to the more likely formation
mechanism of the core of the Quadrantids, we also calculated the
true anomaly at the MOID, of the orbit of 2003 EH1, for 104 clones
of each Quadrantid (see Section 5.2). Sublimation of cometary ices
must take place closer to the Sun (within �3 AU for 2003 EH1,
assuming sublimation of water ice only).

Figs. 9 and 10 show the true anomaly at the MOID for ten-
thousand clones as a function of time of the photographic mete-
oroid EN040180 (1.9 g) and radar event 20130103-20:26:56, both
of which are core-Quadrantids. It can be seen that, for the epoch
1800 AD, there is a greater probability that the true anomaly at
the MOID, on the orbit of 2003 EH1, was between m � �60� from
perihelion (translating to a heliocentric distance r � 1:3 AU), which
is consistent with cometary activity, resulting in meteoroids ejec-
tion from 2003 EH1.

Examination of the results for the rest of the photographic and
radar meteors in our sample were similar to those in Figs. 9 and 10,
with some showing lower or higher dispersion in true anomaly at
the MOID at the epoch of interest (1700–1900 AD). The effect of
varying the b – value had little effect on the final outcome. The
highest median value of the true anomaly at the MOID was
m � �120� from perihelion (roughly corresponding to a heliocen-
tric distance r � 2:4 AU). Nonetheless, all results showed a higher
probability that the true anomaly at the MOID on 2003 EH1

occurred close to perihelion, consistent with meteoroid ejection
due to sublimation of ices.
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2003 EH1 in 1780 and 1786. The red line marks the year of 1835 AD, i.e. the first
14, whereas the blue diamond corresponds to the solar longitude of the peak of the
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ipses denote the dispersions of the corresponding techniques (see Table 4). (For
e web version of this article.)
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The location of the MOIDs are certainly consistent with come-
tary ejection processes, while the relative velocities are low
enough in some cases, but not all. Since, it is not possible to know
the ‘‘true” backward evolution of any of the observed Quadrantid
meteoroids, due to the inherent uncertainties in their position
and speed, thus if even one clone has relative speed consistent with
cometary ejection, it may point to origin consistent with cometary
sublimation. We conclude here that cometary ejection processes
may be a likely source of the core Quadrantids, or at least that
we have sufficient grounds to proceed with forward modeling of
the stream under this assumption.

6.3. Phase 2: Meteoroid ejection

In order to test the results obtained by backwards integrations,
we employ the ‘‘direct approach” by ejection of a large number of
hypothetical meteoroids from the parent, and integrate them for-
ward in time. By the ‘‘direct approach” we test if the observed aver-
age physical characteristics of the Quadrantid stream, described in
Section 1 and 2, are consistent with cometary ejection from 2003
EH1 around 1700–1900 AD.

We briefly recall the constraints that we are attempting to
match by the forward integrations.

1. The timing of the appearance of the stream on the sky (around
1835 AD) (Quetelet, 1839).
 1750

 1800

 1850

 1900

 1950

 2000

 2050

 2100

 280  281  282  283  284  285  286

Y
ea

r

Ω, (deg)

1790

 0

 5

 10

 15

 20

 60

 61

 62

 63

 64

 65

 66

 67

 68

 270  275  280  285  290

β,
 (d

eg
)

λ − λο, (deg)

1790

(a)
Fig. 12. Evolution of the descending nodes of radar size meteoroids (upper panels), eject
year of 1835 AD. The blue line marks the year of 2014, whereas the blue diamond corresp
the simulated radiant positions (black dots). The green ellipse is centered at the mean r
CMOR radiant is that deduced from a 3D wavelet transform isolating the location of the p
in Brown et al. (2010b). In both figures, only simulated meteoroids approaching the Eart
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2. The mean position and spread of the geocentric radiant of the
stream (e.g. Jenniskens et al., 1997).

3. The position of the peak of the activity profile of the core (e.g.
Rendtel et al., 1993).

4. The width of the activity profile of the core (FWHM� 0.6 days)
(Hughes and Taylor, 1977; Rendtel et al., 1993; Jenniskens, 2006).

We first show the results for 104 meteoroids, ejected from 2003
EH1, at different epochs in a single outburst (at a single point on
the orbit). The aim is to obtain a time windows as to when mete-
oroids must be ejected so they can reach the Earth’s orbit around
1835 (see Section 5.3). Thus, meteoroids ejected prior to that time
windowwill reach the Earth before 1835, i.e. when the shower was
first observed. Furthermore, we have to identify the epoch of ejec-
tion when meteoroids cease reaching the Earth. We then use these
time windows for meteoroid ejection, at every perihelion passage
in order to closely inspect the characteristics of these synthetic
meteor showers.

Fig. 11 (upper panels) shows the evolution of the descending
nodes of visual size meteoroids ejected from 2003 EH1, in a single
perihelion passage, in 1780 and 1786, respectively. Also, Fig. 11
(lower panels) show the mean radiant position, of the simulated
meteoroids, in Sun-centered ecliptic longitude k� k� and latitude
b. In the figures, only meteoroids having their descending node
within 0.01 AU, from the orbit of the Earth are plotted so we can
sample only those particle which may intersect the Earth. It is
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Fig. 14. The simulated radiant positions of the visual Quadrantids (black dots),
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evident that meteoroids ejected prior to 1780 arrive near the
Earth’s orbit somewhat before 1835 (see Fig. 11a), which is incon-
sistent with the timing of the shower’s appearance (circa 1835 AD).
However, it is difficult to argue when exactly meteoroids must had
been released from the parent in order to arrive at the Earth at the
right time (circa 1835). This is partly due to the unrealistically low
number of the simulated particles considered in our simulations, as
well as the lack of exact conditions during meteoroid ejection. In
fact, in Fig. 11a, although meteoroids ejected in 1780 arrive at
the Earth a few decades before the shower’s first appearance in
the sky (1835), the activity level could had been much lower and
the shower could had easily gone undetected. Therefore, we choose
to use as initial ejection epoch the year 1780 instead of 1786.

The theoretical radiant position of the meteoroids (Fig. 11) is
plotted along with the mean observed positions and dispersions
of the Quadrantids as obtained by photographic and video meteor
surveys. The SOMN Quadrantids were selected as being potential
Quadrantids if their radiant was within 5 degrees of the nominal
Quadrantid radiant and if their speed was within 10% of nominal
Quadrantid speed. Similarly, Fig. 11b shows that meteoroids
ejected around 1786 appear at the Earth just slightly after
1835 AD. The slight timing inconsistency is perhaps due to small
number statistics. In fact, out of 104 particles ejected, only about
30 reach the Earth. Nevertheless, within the statistics considered
in our simulations, the time of ejection and first appearance of
the stream on the sky is in a good agreement with the minimum
of the MOID in the backward integrations (Section 5.2). The theo-
retical radiant position seems to be in a reasonable agreement with
the observations by SOMN, although there is slight discrepancy
with the DMS photographic and video data (Fig. 11a and b lower
panel). Thus particles ejected from the parent in 1786 by cometary
processes produce a reasonable match with the observed shower
properties. However, the descending nodes of meteoroids ejected
after 1882 AD start to gradually move outward from the Earth’s
orbit, and eventually stop intersecting the Earth. The reason for
that is the secular precession of the orbital elements, causing the
heliocentric distance of the descending nodes of the meteoroids
to recede slowly from the orbit of the Earth. Thus the current visual
activity of the core of the Quadrantids shower can be explained by
cometary activity of 2003 EH1 between the years 1786 and 1882.
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Fig. 13. The simulated visual activity profile (blue boxes), superimposed over the
observed activity profile (black dots) of the Quadrantid shower. Meteoroids not
approaching the Earth’s orbit within 0.01 AU are not plotted. The theoretical profile
is a stack of 17 perihelion passages of 2003 EH1, corresponding to meteoroid
ejections from 1780 to 1882 AD. The observed activity profile is an average activity
profile of a few years between 1986 and 1992 (J2000) (Rendtel et al., 1993). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
The parent cannot have been active earlier because the Quadran-
tids shower would have become active earlier than is recorded in
historical records. Whether the parent may have been active after
1882 remains unconstrained, except by the fact that dust produc-
tion must have eventually diminished to the currently observed
inactive state.

Similarly, Fig. 12 shows the evolution of the descending nodes
of radar size (100 lm to 1 mm) meteoroids, ejected from 2003
EH1 in 1790 AD and 1796 AD. Meteoroids, ejected prior to 1796,
appear at the Earth as early as 1800 AD. However, we do not really
know when radar size particles first reached the Earth, as the ear-
liest Quadrantid meteor radar observations date back only about
six decades. The radiant position Fig. 12a (lower panel) seems to
fit well the observed mean Quadrantid radiant as measured by
the CMOR. Thus 1796 AD seems to be in a good agreement with
the minimum of the MOID, between the orbits of radar meteoroids
and that of 2003 EH1 (Section 5.2). Meteoroids ejected after 1886
figure legend, the reader is referred to the web version of this article.)
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AD, from 2003 EH1, do not presently intersect the Earth’s orbit due
to, as in the case of visual meteoroids, secular precession of the
orbital elements of the meteoroids.
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Fig. 16. The simulated radiants position of the radar Quadrantids (black dots),
along with the observed (CMOR) mean radiant position and dispersion. The
simulated radiants are from �15 perihelion passages of 2003 EH1, corresponding to
meteoroid ejections from 1796 to 1886 AD. Only meteoroids approaching the
Earth’s orbit within 0.01 AU are plotted.
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Fig. 17. Evolution of the descending nodes of visual size meteoroids (upper panels),
ejected from 2003 EH1 in 1000 AD until the present time. The red line marks the
year of 1835 AD. The blue line marks the year of 2014, whereas the blue diamond
corresponds to the solar longitude (k = 283.2�) of the peak of the radar shower. The
lower panels show the simulated radiant position of meteoroids (black dots)
superimposed over the observed mean radiant position, as measured by video and
photographic techniques (see Fig. 11). In both figures, only simulated meteoroids
approaching the Earth’s orbit within 0.01 AU are plotted. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
We next present the results of meteoroids ejected over multiple
perihelion returns of 2003 EH1 for both, visual and radar size par-
ticles. According to our analysis from meteoroid ejections at a sin-
gle point on the orbit of the parent, we obtained that visual size
meteoroids appear and intersect the Earth if ejected roughly
between 1780 and 1882 AD, whereas for radar size meteoroids this
time window is 1796–1886. In this context, approximately 104

meteoroids were ejected per perihelion passage of the parent,
within an arc of 3 AU from the Sun. In the case of the visual size
particles, the meteoroids were ejected over �18 perihelion pas-
sages of 2003 EH1 with total number of ejected particles
� 1:8� 105, whereas in the case of radar size meteoroids the
equivalent orbital revolutions of 2003 EH1 are 16, totaling in
1:6� 105 ejected meteoroids.

The stacked theoretical activity profile (blue boxes) of the visual
Quadrantids ejected between 1780 and 1882 AD, is presented in
Fig. 13. It can be seen that the location of the peak activity of our
simulated Quadrantid stream, as well as the FWHM of the core
activity, match fairly well with the observations. The wider portion
of the observed activity profile though is not well reproduced; we
suspect these wings are likely much older than the timescales (of
order a few hundred years) that we are concerned with it in this
work. The theoretical radiant of meteoroids, ejected between
1780 and 1882 AD, shows a fairly good match with the observed
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mean position and dispersion of individual visual Quadrantids
(Fig. 14).

Fig. 15 shows the stacked theoretical and observed radar activ-
ity profiles. The theoretical width of the core is narrower than the
observed one, suggesting that there may be an older envelope of
meteoroids encompassing the young core. That is, while the central
portion appears to be relatively young, the wings are not.

Fig. 16 shows the simulated distribution of radar size Quadran-
tids ejected between 1796 and 1886. In this case, the theoretical
radiants yield an even better match to the observed one than the
visual Quadrantids (Fig. 14). However, meteors detected by radar
techniques usually have a greater radiants scatter than photo-
graphic and video techniques. Thus, the better radiant match
may simply be a result of a larger observed radiant dispersion.

Some authors have argued for a much older age (older than
1000 years) of the Quadrantid meteoroid stream (Williams et al.,
1979; Hughes et al., 1979; Williams and Wu, 1993). Therefore
we decided to test the hypothesis whether the core of the Quad-
rantid meteor shower can be reproduced by meteoroid ejections
around 1000 AD and 1500 AD.

Figs. 17 and 18 (upper panels) show the evolution of the
descending nodes of meteoroids producing visual meteoroids,
ejected from 2003 EH1 in 1000 AD and 1500 AD respectively. In
this scenario we ejected 104 particles in a single perihelion passage
of 2003 EH1 in either 1000 AD and 1500 AD.

Meteoroids ejected in 1000 AD and 1500 AD, show a better fit to
the observed radiants positions (Figs. 17 and 18 lower panels) than
ejection circa 1800 AD. However, in both cases the Quadrantid
shower seems to first appear on the sky around 1650 AD – too
early to be consistent with first report of the shower around
1835. Furthermore, the same procedure was applied to radar sized
particles which also appeared as early as 1650 AD. We also cannot
uniquely distinguish which of the observed Quadrantids may be
associated with the core and which are related to the activity
wings which overlap in time.
7. Discussion and conclusions

We have used eight high-precision photographic Quadrantid
orbits and integrated their orbits backward in time, along with
the assumed parent 2003 EH1, in order to constrain the most likely
age of the core of the Quadrantid meteoroid stream. Out of the
eight Quadrantids, five belong directly to the core of the stream
having been observed within a day of the peak of the shower. In
addition, five of the best quality radar Quadrantids detected by
CMOR in 2013 were used as a complementary data set, in order
to compare backward integrations of core radar-sized particles
results with the visual counterpart of the stream.

The most likely age of the core of the Quadrantid meteoroid
stream, is �200–300 years, based on the backward integrations.
This epoch was then used as a formation time window to test if
the present observed characteristics of the radar and visual-sized
particles in the ‘core’ of the stream could be explained by gas-
drag ejection of meteoroids from 2003 EH1 from this epoch.

During the backward integrations, different values (0, 10�5,
10�4, 10�3) for b (solar radiation pressure to solar gravity) were
considered in order to properly reflect the uncertainty in the mass
of each individually observed Quadrantid. Our results did not show
a noticeable difference as a function of different b values, which is
not surprising given the timescale (200–300 years) in our
simulations.

Our forward simulations indicate that an onset of cometary
activity in 2003 EH1 circa 1790–1796 provides a good match to
all the observed constraints for the stream. In particular, the onset
time of the shower in these forward simulations is near 1830,
consistent with historical data. Moreover, the location of the activ-
ity peak and the width of the core of the simulated activity profile
are well reproduced in both photographic and radar simulations
assuming ejection from this epoch. The broader (several day dura-
tion) weak activity surrounding the shower peak is not reproduced
in our simulations, leading us to conclude that while the core of the
shower appears to be young, the wings are not. The simulated radi-
ants of the radar and visual showers also match observations well.
We note that the simulated visual radiant is displaced approxi-
mately 1 degree from the mean observed radiant, but this is still
reasonable as it lies within the broader scatter of the overall Quad-
rantid radiant (Jenniskens et al., 1997).

In our forward modeling, for the magnitude of the meteoroid
ejection speeds we used the model by Brown and Jones (1998).
However, in order to check the robustness of our final results
against different meteoroid ejection models, we repeated our for-
ward simulations using the meteoroid ejection model, resulting
from Crifo’s distributed coma model (Crifo et al., 1995; Crifo and
Rodionov, 1997), which generally yields slightly lower meteoroid
ejection speeds compared to other models. In spite of the latter
model being more sophisticated, the differences in the final results
were too small to change our conclusions. This perhaps should not
be surprising given the time scales in our forward integrations
(200–300 years). However, perhaps the difference in the final out-
comes would be significant for relatively young meteoroid trails
(as young as a few orbital periods of the parent) which requires
certain meteoroid ejection conditions to be fulfilled in order for
the trail to intersect the Earth’s orbit.

In a summary, our forward integrations are able to reproduce
the main features of the currently visible core portion of the Quad-
rantid stream using the formation epoch suggested from backward
simulations (�1800 AD years). The wider portions of the shower
(lasting a few days) and the recently discovered (Brown et al.,
2010b) much longer radar activity (suggested as being a few
months) are likely much older.

At this time, it is difficult to disentangle the real nature of 2003
EH1, i.e. a dormant comet or an asteroid. Could 2003 EH1 have been
active around 1700–1900 AD and gone undetected? It seems quite
possible. Knowing the absolute asteroidal magnitude of 2003 EH1

(H = 16.2, http://ssd.jpl.nasa.gov/sbdb.cgi) we calculated its visibil-
ity from Earth throughout the 19th century. Though 2003 EH1

reached almost 15th magnitude for a few brief periods in the
1800’s, it could easily have escaped detection, as its average appar-
ent magnitude was above 22. Of course, substantial cometary
activity would have increased its brightness. According to Kronk
(Cometography volume 2, p ix, 2003), in the 1800s, small refractors
(15–20 cm) were the most commonly used for comet observations.
Larger ones were built towards the end of the century, with the
102 cm Yerkes telescope becoming active in the late century, with
‘‘. . . the result was that early in the century comets were usually
lost after having faded to magnitude 11 or 12, while at the end
of the century comets were being followed until near magnitude
16. . .” (Kronk, 2003). So it is plausible that even several magni-
tudes of brightening could have gone unnoticed at this time. Given
the current inactive state of 2003 EH1 it is entirely possible it was
simply too faint, even if weakly active, to be detected as a comet.

What might have triggered activity in a dormant parent? The
orbit itself is stable in the century preceding our proposed start
time, so it was not a dramatic orbital shift. Also, during the last
few hundred years the perihelion distance of 2003 EH1 has been
consistently increasing, making it implausible that increasing solar
heating triggered fresh activity. The ascending node of 2003 EH1

was near Jupiter in the 1700–1800s, which makes collision with
a main-belt asteroid unlikely, though a collision with a Jupiter Tro-
jan remains a possibility. The descending node at the same time
was near the Earth’s orbit, though no close approaches between

http://ssd.jpl.nasa.gov/sbdb.cgi
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any clones and Earth were recorded in our simulations. Thus a tidal
encounter with Earth is not a likely cause either.

We note that there was a relatively close approach between
many of the clones of 2003 EH1 and Jupiter in 1794, where the
minimum distance reached 0.83 Hill radii. This was the closest
approach to the giant planet since 1663 when it reached 0.69 Hill
radii. Thus, a reasonable explanation is that either tidal effects
from the encounter with Jupiter or a collision with a Trojan aster-
oid activated the parent for a time, with the activity subsequently
declining again to zero. However, the mechanisms of cometary
activation and dormancy remain unclear and our proposed expla-
nation is certainly not the only possibility.
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Kańuchová, Z., Neslušan, L., 2007. The parent bodies of the Quadrantid meteoroid

stream. Astron. Astrohys. 470, 1123–1136.
Koten, P. et al., 2006. Double station and spectroscopic observations of the

Quadrantid meteor shower and the implications for its parent body. Month.
Not. Roy. Astron. Soc. 366, 1367–1372.

Kresak, L., 1976. Orbital evolution of the dust streams released from comets. Bullet.
Astron. Inst. Czechoslov. 27, 35–46.

Kronk, G.W., 2003. Cometography.
Lee, K.W., Yang, H.J., Park, M.G., 2009. Orbital elements of comet C/1490 Y1 and the

Quadrantid shower. Month. Not. Roy. Astron. Soc. 400, 1389–1393, 0908.2547.
Ma, Y., Williams, I.P., 2001. The ejection velocity of meteoroids from cometary

nuclei deduced from observations of meteor shower outbursts. Month. Not.
Roy. Astron. Soc. 325, 379–384.

Ma, Y., Williams, I.P., Chen, W., 2002. On the ejection velocity of meteoroids from
comets. Month. Not. Roy. Astron. Soc. 337, 1081–1086.

McClusky, J. et al., 2003. 2003 EH1. Minor Planet Electron. Cir., 27.
McIntosh, B.A., 1990. Comet P/Machholtz and the Quadrantid meteor stream. Icarus

86, 299–304.
Millman, P.M., McKinley, D.W.R., 1953. The Quadrantid meteor shower. J. Roy.

Astron. Soc. Canada 47, 237.
Müller, M., Green, S.F., McBride, N., 2001. Constraining cometary ejection models

from meteor storm observations, in: Warmbein, B. (Ed.), Meteoroids 2001
Conference, pp. 47–54.

Poole, L.M.G., Hughes, D.W., Kaiser, T.R., 1972. Radio-echo observationsof the MA. or
night-time meteor streams-III. Quadrantids. Month. Not. Roy. Astron. Soc. 156,
223.

Quetelet, L.A.J., 1839. Catalogue des principles apparitions d’etoiles filantes.
Rendtel, J., Koschack, R., Arlt, R., 1993. The 1992 Quadrantid meteor shower. WGN, J.

Int. Meteor Organiz. 21, 97–109.
Shelton, J.W., 1965. Photographic Quadrantid meteors. Astron. J. 70, 337.
Southworth, R.B., Hawkins, G.S., 1963. Statistics of meteor streams. Smiths. Contrib.

Astrophys. 7, 261–285.
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