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Abstract
English
One method that can be used to identify the dynamic origin and specific parent bodies of Earth crossing meteoroids
is the determination of the meteoroids’ orbital evolution. In this study, a Python-based program using the
REBOUND software integration package to integrate meteoroid orbits backwards in time is developed. The
program uses data from meteor observations made by the Swedish Allsky Meteor Network, and traces the distance
and relative velocity between the meteoroid orbit and the orbits of selected parent body candidates backwards in
time. The measure of these orbital differences is known as dissimilarity. The model is used to successfully
reproduce the evolution of the Southworth-Hawkins dissimilarity criterion of the Annama meteorite and plausible
parent body candidate 2014 UR116 presented by Trigo-Rodríguez et al (2015), as well as to determine plausible
parent body associations of several meteors observed by the Swedish Allsky Meteor Network. Plausible parent
bodies are presented in two new meteor cases, one of which confirms the parent body of the Geminid meteor
shower.
The model is concluded to be sufficiently accurate to motivate further use for meteoroid orbit integration purposes,
and suggestions for future improvements are made. A new plausible parent body candidate for the Annama H5
meteorite is identified; the asteroid 2017 UZ44. In the case of one meteor event previously identified as a Perseid,
the verification of the parent body is not successful using the developed model. In this case, no parent body
candidate is found. Possible reasons for this are discussed. Moreover, the observational accuracy is found to be
crucial if the program is to be used to study the meteor events observed by the network in detail, as the orbit has
to be very well-constrained.

Svenska:
En metod som kan användas för att identifiera moderkroppar till meteoroider som äntrar jordens atmosfär är analys
av meteoroidbanornas utveckling över tid. I denna studie har ett Python-baserat program som använder det
numeriska integrationspaketet REBOUND för att följa meteoroidbanors utveckling över tid tagits fram.
Programmet använder data från meteorobservationer som genomförts av det svenska meteornätverket Swedish
Allsky Meteor Network och följer meteoroidbanors banutveckling i jämförelse med potentiella moderkroppars
banutveckling över tid. För jämförelsen används Southworth-Hawkins-kriteriet. Modellen används för att
framgångsrikt reproducera resultat presenterade av Trigo-Rodríguez et al (2015) genom att följa Annamameteoritens banutveckling jämfört med banutvecklingen hos den möjliga moderkropp som presenteras i studien,
asteroiden 2014 UR116. Modellen används också för att hitta möjliga moderkroppar för flertalet meteorer som
observerats av det svenska meteornätverket. Möjliga moderkroppar presenteras i två fall, varav ett bekräftar
moderkroppen för meteorregnet Geminiderna.
Modellen verkar vara tillräckligt bra för att motivera användning vid integration av meteoroidbanor i syfte att
identifiera moderkroppar genom att jämföra banornas utveckling över tid. En ny möjlig moderkropp presenteras
för Annama-meteoriten; asteroiden 2017 UZ44. I ett fall har en meteor som observerats av det svenska
meteornätverket tidigare klassificerats som en Perseid, men beräkningar genomförda med modellen framtagen i
denna studie kan inte bekräfta resultatet. I detta fall återfinns ingen möjlig moderkropp för den specifika meteoren.
Möjliga anledningar till detta diskuteras. Slutligen dras slutsatsen att mätosäkerheten i meteorobservationerna är
vital för att meteoroidens bana ska vara tillräckligt välbestämd för att användas i syfte att analysera
meteoroidbanornas utveckling över tid och hitta möjliga moderkroppar.
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Chapter 1
Introduction
Since the beginning of the 19th century, it has been known that meteorites originate from outer space. A
hundred tons of dust and other small space particles and rocks enter the Earth’s atmosphere every day.
During the last two centuries, our knowledge of these meteorites has increased rapidly, and we now
have a solid understanding of for example their ages, composition and physical properties. However,
there is still a lot to learn about their origin.
Meteorites, or classes of meteorites, can be linked to specific parent bodies by similarities in chemical
composition and spectral properties. For example, HED meteorites have been associated with a common
parent body, the asteroid 4 Vesta, by comparison of their spectra and albedo (Faure, Mensing 2007), and
many Lunar meteorites, such as the Allan Hills meteorite ALHA81005, have been linked to the Moon
by their anorthite rich composition, similar to the composition of the Lunar highlands (McSween Jr.
1999). Another method that can be used to identify specific parent bodies or regions in the Solar System
from which Earth crossing meteoroids may originate is the determination of their pre-atmospheric orbits,
tracing the orbital evolution backwards in time.
Determination of the dynamic origin of meteorites is of great scientific interest; meteorites provide
laboratory samples which can be used to study properties of the remote celestial objects from which
they originate, without having to overcome the difficulties of performing in situ measurements. They
are therefore complementary to remote celestial observations. Moreover, the parent bodies are more
often than not asteroids and comets, and due to their primordial properties, the study of these Solar
System bodies can provide clues into the early Solar System and the planet formation process (McSween
Jr. 1999). The motivation behind the study of the origin of meteorites and the evolution of their preatmospheric entry orbits are therefore many; it can expand our knowledge of the Solar System and its
early evolution, help constrain the dynamical behaviour of meteoroids and determining whether
meteoroid parent bodies are asteroidal or cometary, as well as increase understanding of the meteorite
delivery mechanisms. Moreover, increased understanding of the Earthly meteoroid influx can help
evaluate and possibly avert threats from space, as our knowledge of the near-Earth environment and
objects on Earth-crossing orbits increases.
Meteoroid orbits are, however, difficult to determine and by December 2016, photographic orbits had
only been determined and published for 25 recovered meteorites (Meier 2017). Such determinations
historically established that many meteorites originate from the Main Asteroid Belt (Öpik 1950). The
most recently determined photographic orbit as of December 2017 is the Ejby meteorite in Denmark,
for which the atmospheric trajectory and heliocentric orbit was determined in 2017 (Spurný et al 2017).
The increase in successful photographic orbit determinations in recent years can be attributed to the
growing ground-based networks of meteor cameras that have been set up worldwide during the last
decades, enabling preserved recordings of visual observations of meteors. In 2014, the Swedish Allsky
Meteor Network was initiated in Uppsala, Sweden (Stempels, Kero 2016).
Observations made by such meteor camera networks can also be used to reconstruct meteor trajectories
in order to locate meteorites on the ground. If the meteor is bright enough, with luminous magnitude
over -16, the meteoroid could have been large enough to survive the atmospheric passage and produce
strewn field meteorites (Trigo-Rodríguez et al 2015), but less luminous meteors could also produce
single meteorite rocks. In April 2014, one such meteor was observed by the Finnish Fireball Network,
and the observations enabled the findings of two H5 chondrites (Gritsevich et al. 2014a). The orbit of
Annama’s H5 chondrite was determined, and backward integration of its orbit together with the orbits
4

of selected near-Earth asteroids showed a plausible association with the asteroid 2014 UR116 (TrigoRodríguez et al 2015).
In this thesis, a Python-based code to calculate the heliocentric, pre-atmospheric orbit of progenic
meteoroids of meteors observed by the Swedish Allsky Meteor Network and perform backward
integration to trace the meteoroids’ orbital evolution backwards in time is developed. The code is based
on the numerical integrator REBOUND and is designed to analyse the evolution of the dissimilarity
between the determined meteoroid orbits and the orbits of selected parent body candidates over time,
using the Southworth-Hawkins dissimilarity criterion to find plausible meteoroid-parent body
associations. The main objectives are to investigate the possibility of using REBOUND for meteoroid
orbit integrations and finding plausible parent body associations from recordings made by the Swedish
Allsky Meteor Network. The developed algorithm is also used to reproduce the results claiming a
plausible association between Annama’s meteorite and the asteroid 2014 UR1116, published by TrigoRodríguez et al in 2015.
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Chapter 2
Theoretical Background
A meteoroid is a small Solar System body, perhaps ejected from its parent asteroid or comet due to
cratering collisions or outgassing. If a meteoroid orbit crosses the orbit of the Earth, the meteoroid could
eventually enter the Earth’s atmosphere. A meteor is the streak of light visible in the sky as this happens,
as the meteoroid starts burning due to atmospheric friction and air compression during the atmospheric
passage. If the meteoroid is large enough, pieces of it can survive the atmospheric passage, enabling the
finding of a physical meteorite on the ground (McSween Jr. 1999).
The heliocentric orbit of the progenic meteoroid can be determined if the apparent radiant and the
apparent entry velocity of the meteoroid are both known to high accuracy. Combining these parameters
with the atmospheric entry time and location, a complete set of orbital elements describing the orbit of
the meteoroid prior to its atmospheric entry can be obtained. The traditional orbit determination method
uses fundamental concepts of celestial mechanics, and was for example described by Wylie in 1939.
In this section, the heliocentric meteoroid orbit will be defined, and the theoretical method of uniquely
determining the orbit from visual observations will be described. Furthermore, the N-body problem and
its numerical solutions, necessary to trace a meteoroid orbit backwards in time and study its long-term
evolution, will be discussed, along with the method of meteoroid parent body identification through
analysis of the evolution of the orbital dissimilarity between parent body candidates and meteoroids.

2.1

Definition of an Orbit

The heliocentric, three-dimensional orbit of a secondary body is uniquely determined if the six
components of an instantaneous velocity and position vector are known. Likewise, the orbit it
completely determined if the six orbital elements 𝑎, 𝑖, 𝑒, 𝛺, 𝜔 and 𝑣0 are all known. The orbital elements
describe the shape and orientation of the orbit around the central body, as well as the secondary body’s
location on the orbit at a given time. The orbital elements 𝑖, 𝛺 and 𝜔 are angles describing the orientation
of the orbital plane with respect to the reference plane, and refer to the equinox and equator of a specific
epoch. If not otherwise stated, the mean equinox and equator of J2000.0 and the ecliptic plane are used
as reference frames in the following definitions. The orbital elements, 𝑎 and 𝑒 describe the shape of the
ellipse constituting the orbit, and 𝑣0 specifies the orbital position at a specific epoch. Here, the orbital
elements are defined. The definitions of the orbital elements of a secondary body around a central body
are widely used in celestial mechanics, and are for example described by Morbidelli (2002) and
Davidsson (2013).
Inclination, 𝒊: The inclination is the angle between the orbital plane of the body and the ecliptic
plane (or some other reference plane). Its value is in the range of 0° < 𝑖 < 180°. If 0° < 𝑖 < 90°, the
orbit is prograde, and the body moves counter-clockwise with respect to an observer at the ecliptic north
pole. The opposite direction of motion is true for objects on retrograde orbits, i.e. orbits where 90° <
𝑖 < 180°. All planets in the Solar System have direct orbits. The two points where the orbital plane
intersects the reference plane are called the ascending and descending nodes.
Longitude of the ascending node, 𝛀: The longitude of the ascending node is the angle orienting
the orbit’s ascending node, which is the intersection between the orbit and the ecliptic plane (or some
other reference plane). It is defined positively around the z-axis of the ecliptic coordinate system with
respect to the vernal equinox, which defines the x-axis of the ecliptic coordinate system. The longitude
of the ascending node takes values in the range 0° < 𝛺 < 360°.
6

Argument of perihelion, 𝝎: The argument of pericenter (or perihelion if the central body is the
Sun) is the angle between the ascending node and the measured direction of pericenter, in the direction
of the orbital motion. It describes the orientation of the orbit in its orbital plane and takes values in the
range of 0° < 𝜔 < 360°.
Semimajor axis, 𝒂: The semimajor axis, usually given in astronomical units, is half the longest
diameter of the orbital ellipse, defined as half the sum of the pericenter (the point on the orbit that is
closest to the central body) and apocenter (the point on the orbit that is farthest away from the central
body) distances. q is the notation of the distance of pericenter, sometimes specified instead of the
semimajor axis.
Eccentricity, 𝒆: The eccentricity is the ratio between the focus distance from the centre of the
orbital ellipse and its semimajor axis. It thereby describes the shape of the orbit by specifying the degree
of non-circularity. The eccentricity takes values in the range of 0 < 𝑒 < 1, where a perfect circular
orbit yields an eccentricity of 0, while an eccentricity of 1 describes a non-bound orbit in the form of a
straight line. If 𝑒 > 1, the orbit is hyperbolic.
True anomaly, 𝒗𝟎 : The true anomaly, 𝑣0 , is an angle specifying the orbital position of the object
at a specific epoch. The time of perihelion passage, 𝑇, is often used as the orbital element instead of the
true longitude. Sometimes, the angle M (the mean anomaly) is used to specify the orbital position, should
an element with a linear time dependence be desired.

2.2

Determination of the Orbital Elements

If the instantaneous, three-dimensional position and velocity of a meteoroid in the heliocentric, ecliptic
reference frame are known for at least one moment in time, the six orbital elements completely
describing the heliocentric orbit can be calculated. In this way, the orientation of the meteoroid’s orbital
plane with respect to the ecliptic plane is deduced. The procedure is for example described by Davidsson
(2013). Here, the heliocentric position vector of the meteoroid is denoted 𝑟 = (𝑥, 𝑦, 𝑧) and the
heliocentric velocity vector is denoted 𝑣 = (𝑣𝑥 , 𝑣𝑦 , 𝑣𝑧 ).

Figure 1: The meteoroid orbital plane with respect to the ecliptic. The orbital elements of the meteoroid orbit are defined in
the illustration (notations are explained in the text).

To determine the orbital elements, the specific angular momentum 𝒉 = (ℎ𝑥 , ℎ𝑦 , ℎ𝑧 ) (in the ecliptic
coordinate system) and the ascending node vector 𝒏 need to be specified. The specific angular
momentum is determined from the heliocentric, ecliptic position and velocity of the meteoroid,
according to (1). The ascending node vector 𝒏 is defined according to (2), in the direction of the normal
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to the 𝒉𝑧̂ -plane, where 𝑥,
̂ 𝑦̂ and 𝑧̂ are the unit axes of the heliocentric, ecliptic coordinate system. This
is easily deduced geometrically from Figure 1.
𝒉=𝒓×𝒗
𝒏 = ẑ × 𝐡 = (−ℎ𝑦 , ℎ𝑥 , 0)

(1)
(2)

The first orbital elements to be determined are the inclination, 𝑖, and the longitude of the ascending node,
𝛺. Since the inclination is the angle between 𝒉 and ẑ, it can easily be determined using the scalar product
of these vectors. The inclination is therefore calculated using the formula presented in (3).
cos( 𝑖) =

ℎ𝑧
ℎ

(3)

Similarly, the longitude of the ascending node is the angle between 𝑥̂ and 𝒏. The longitude of the
ascending node is thus obtained by taking their scalar product and solving for 𝛺, and can thus be
calculated according to (4). Attention should be taken to place the longitude of the ascending node in
the correct quadrant.
cos( Ω) = −

ℎ𝑦

(4)

√ℎ𝑥 2 +ℎ𝑦 2

To determine the orientation of the orbit, the argument of perihelion, 𝜔, is calculated. As can be seen in
Figure 1, this is the angle between the ascending node vector and the eccentricity vector 𝒆 = (𝑒𝑥 , 𝑒𝑦 , 𝑒𝑧 ),
in the orbital direction of the meteoroid. Similar to the previous calculations, the argument of perihelion
is determined from the scalar product of these vectors and can be calculated according to (5). Attention
should be taken to place the argument of perihelion in the correct quadrant.
cos(𝜔) =

−ℎ𝑦 𝑒𝑥 +ℎ𝑥 𝑒𝑦

(5)

𝑒√ℎ𝑥 2 +ℎ𝑦 2

To evaluate 𝜔, an expression for the eccentricity vector, 𝒆, needs to be determined. The direction of the
eccentricity vector is from the centre of the ecliptic plane towards the perihelion of the orbit. The
eccentricity vector is expressed in (6), and the eccentricity 𝑒 of the orbit is easily obtained by taking the
length of this vector. Here, 𝑀 is the mass of the Sun, and 𝐺 is the gravitational constant.
𝒆=

1
((𝑣 2
𝐺𝑀

−

𝐺𝑀
)𝒓
𝑟

− (𝒓 ∙ 𝒗)𝒗)

(6)

The semi major axis can also be easily obtained, using (7).
𝑎=

1
2 𝑣2
( − )
𝑟 𝐺𝑀

(7)

From the semimajor axis and the eccentricity, the distance of periapsis can be found according to (8)
𝑞 = 𝑎(1 − 𝑒)

(8)

The true anomaly, 𝑣0 , is the angle between the eccentricity vector and the position vector. Identical to
previous derivations, the true anomaly can thus be calculated from the scalar product of these vectors
according to (9). Obtaining the value of the true anomaly together with the argument of perihelion and
the longitude of the ascending node in the described way, it is straightforward to determine the final
orbital element, the true longitude, from its definition.
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cos(𝑣0 ) =

𝒆∙𝒓
𝑒𝑟

(9)

Using Equation (1) – (9) to determine the six orbital elements, the meteoroid orbit is uniquely
determined in the heliocentric, ecliptic reference frame. Accurate determination of the orbital element
of a meteoroid thus requires accurate determinations of the three-dimensional position and velocity
vectors of the meteoroid.

2.3. The N-body Problem and Orbit Integration
Tracing the long-term evolution of a meteoroid orbit to study its dynamic origin requires N-body
dynamics; the gravitational perturbations caused by other planets becomes significant to the orbital
evolution over time, and the two- or three-body problem no longer provides sufficient accuracy, despite
the magnitude of the distances between each planet in the Solar System. Due to the planetary
perturbations, the orbital elements are not constants of motion. In this section, the N-body problem and
its solutions are discussed.

2.3.1. The Kozai mechanism
The orbits the bodies of an N-body system, such as a planetary system, are not stable over time. A simple
example of a mechanism affecting the evolution of the orbits is known as the Kozai-Lidov mechanism.
The Kozai mechanism was first discovered by Mikhail Lidov (Lidov 1962) and Yoshihide Kozai (Kozai
1962) and describes the dynamical effects as a third body perturbes the orbits of the components of a
binary system. For example, the orbit of a small body with negligible mass, such as an asteroid orbiting
the Sun, can be perturbed by the gravitational effect of a third, massive body, such as Jupiter. The effect
of the Kozai mechanism in this case is the periodic variation in eccentricity and inclination of the asteroid
orbit, as the argument of perihelion oscillates about a constant value. This is the result of the conservation
of the orbital angular momentum of the asteroid parallel to the orbital angular momentum of the Sun
and Jupiter; the vertical angular momentum. For example, if the asteroid orbit initially has low
eccentricity and a comparatively large inclination (between 39̊ and 141̊), the effects of the third body
can cause the eccentricity to become larger as the inclination becomes smaller.
The Kozai mechanism occurs when the conserved quantity, 𝐿𝑧 , is lower than a critical value. The
conserved quantity is stated in (10), where e and i are the eccentricity and inclination of the asteroid
orbit with respect to the ecliptic, and k is some constant. This is only true if the orbit of the perturber, in
this case Jupiter, is circular. If its orbit is eccentric, the vertical angular momentum is not conserved and
the effects of the Kozai mechanism is more complex (Lithwick, Naoz 2011). Looking at this equation
in the simple case described above, however, the exchange in eccentricity and inclination of the asteroid
is mathematically evident. The Kozai effect therefore affects the shape and orientation of the orbit, but
not the size.
𝐿𝑧 = 𝑘 · √(1 − 𝑒 2 )cos(𝑖)

(10)

The Kozai mechanism is secular and occurs on time scales that are much longer than the orbital period
of the small binary component, in this case, the asteroid. The time scale varies depending on the mass
of the primary in the binary, in this case the Sun, the orbital period and eccentricity of the perturber,
Jupiter, and the period of the asteroid. The relationship between these parameters are presented in (11),
where T is the time scale (the period of the Kozai cycle) (Merritt 2013).
𝑇=

3
𝑀𝑆𝑢𝑛 𝑃𝐽𝑢𝑝𝑖𝑡𝑒𝑟
(1 − 𝑒𝐽𝑢𝑝𝑖𝑡𝑒𝑟 2 )2
𝑚𝐽𝑢𝑝𝑖𝑡𝑒𝑟 𝑃𝑎𝑠𝑡𝑒𝑟𝑜𝑖𝑑
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(11)

A less simple system involves Kozai mechanisms that are more complex and hard to predict, compared
to the simple three-body system described here. The main point is that the orbits of bodies in a planetary
system are altered in non-trivial ways on time scales of thousands of years. The evolution of the orbits
of planetary systems cannot be solved analytically, and therefore requires numerical integration over
long time periods.

2.3.2. Equations of Motion in the N-body Problem
The Newtonian equation of motion for the body 𝜾 in the general N-body case is given in (12), where
1 ≤ 𝑗 ≤ 𝑁 denotes each body of the system, and 𝒒𝜾 is the position vector of the body 𝜾. This is the
formulation of the non-relativistic equation of motion for an arbitrary, inertial cartesian system. G is the
gravitational constant and m denotes the mass of the body with the corresponding index.
𝑁

𝑚𝜾 𝒒̈ 𝜾 = ∑ 𝐺𝑚𝜾 𝑚𝑗
𝑗=1
𝑗≠𝜾

(𝒒𝜾 − 𝒒𝒋 )

(12)

3

|𝒒𝜾 − 𝒒𝒋 |

A consequence of the General Theory of Relativity is that orbital precession occurs even without the
presence of planets perturbing the orbit. Therefore, for very accurate calculations, the Newtonian
equations of motion are not sufficient (Davidsson 2013).

2.3.3 Orbit Integration and Numerical Integrators
The N-body problem is not possible to solve analytically if the number of massive, gravitationally
interacting objects exceeds three, and even a three body problem can only be solved analytically if the
mass of one of the bodies is negligible, a situation known as the restricted three body problem
(Davidsson 2013). Thus, numerical solutions are applied to study the dynamics of the N-body system
required to analyse the orbital evolution of a meteoroid orbit.
There exists a number of available orbit integrators which use numerical methods to solve the N-body
problem. One example is MERCURY (Chambers 1999), which is a hybrid symplectic N-body
integrator. A symplectic integrator is used to solve differential equations of Hamiltonian systems, for
which the solution is a canonical (symplectic) transformation. In contrast to non-symplectic integrators,
the solutions for example preserve the quantity of area (Kinoshita, Yoshida, Nakai 1990). Symplectic
integrators are generally faster than non-symplectic integrators for simulations of planetary systems, but
any error in the total energy of the system increases during the simulations and becomes apparent over
time. Another disadvantage with symplectic integrators is that timestep-variations decrease accuracy,
which increases uncertainty during for example close encounter simulations. To make up for this, hybrid
integrators such as MERCURY use non-symplectic integration when necessary, while otherwise
consulting to symplectic integration, permitting them to better handle close encounters, for example.
In this study, the N-body integrator REBOUND (Rein, Liu 2012) is used to study the long-term
evolution of the meteoroid orbit. REBOUND is a software package similar to MERCURY that is
specialized in the integration of gravitational systems. It contains both symplectic integrators and nonsymplectic integrators with adaptive timesteps. An advantage of using REBOUND, as opposed to the
widely used MERCURY-program, is that REBOUND is Python-based and utilizes a simpler interface,
making it more user friendly. Moreover, REBOUND can directly query the NASA JPL Horizons
database, which further assists the use of ephemeris and masses of known Solar System bodies during
the integration process.
In this study, REBOUND’s non-symplectic default integrator IAS15 is used. The IAS15-integrator was
developed by Rein and Spiegel (2015), and is an implicit integrator based on Gauß–Radau quadrature.
It has adaptive timesteps and can handle simulations involving both conservative and non-conservative
10

forces, including the presence of close approaches and high eccentricity orbits. Moreover, Rein and
Spiegel (2015) showed that the energy uncertainty of the integrator follows Brouwer’s law for at least
12 billion years during outer Solar System integrations. Furthermore, they found that the IAS15integrator is both faster and more accurate than some mixed variable symplectic integrators and even
preserves symplecticitiy of Hamiltionian systems better than common symplectic integrators. The error
of the IAS15 integrator is also claimed not to be affected by the presence of non-conservative forces,
such as Pointing-Robertson drag.
The IAS15-integrator is based on the 15th order numerical Runge-Kutta algorithm presented by Everhart
(1985). Implementing some modifications to this algorithm, Rein and Spiegel (2015) developed an
algorithm with an accuracy amounting to machine precision. A primitive description of the algorithm
follows by (13) – (18). To perform the numerical integration of a planetary system, (13) has to be solved.
The system described by (13) is not necessarily Hamiltonian and the force acting on a particle, described
by the function 𝐹, depends on the particle’s velocity 𝑦 ′ , position 𝑦, and the specific moment in time 𝑡.
First, Equation (13) is expanded into (14). Here, 𝑦0 ′′ is the initial force acting on the particle. This
𝑡
equation is transformed into (15) using a small time step 𝑑𝑡 and two parameters ℎ = 𝑑𝑡 and 𝑏𝑘 =

𝑎𝑘 𝑑𝑡𝑘+1 , with index 𝑘 ranging between 0 and 6. This equation can, in turn, be expressed as in (16),
where 𝑔𝑘 is another set of coefficients depending on the force of the current and previous substeps.
Using (16), these coefficients can therefore be updated stepping through the substeps ℎ = ℎ𝑛 , where
index 𝑛 denotes the current substep.
𝑦 ′′ = 𝐹(𝑦 ′ , 𝑦, 𝑡)
𝑦
= 𝑦0 + 𝑎0 𝑡 + 𝑎1 𝑡 2 + 𝑎2 𝑡 3 + ⋯ + 𝑎6 𝑡 7
𝑦 ′′ (ℎ) = 𝑦0 ′′ + 𝑏0 ℎ + 𝑏1 ℎ2 + 𝑏2 ℎ3 + ⋯ + 𝑏6 ℎ7
𝑦 ′′ (ℎ) = 𝑦0 ′′ + 𝑔1 ℎ + 𝑔2 ℎ(ℎ − ℎ1 ) + ⋯ + 𝑔𝑘 ℎ(ℎ − ℎ1 )(ℎ − ℎ2 ) … (ℎ − ℎ7 )
′′ (𝑡)

′′

(13)
(14)
(15)
(16)

Integrating (15) gives us the expression for the particle velocity, and an additional integration yields the
particle position at the end of timestep 𝑑𝑡. These expressions are presented in Equation (17) and (18),
respectively.
ℎ

𝑦 ′ (ℎ) ≈ 𝑦0 ′ + ℎ𝑑𝑡 (𝑦0 ′′ + 2 (𝑏0 +
𝑦(ℎ) ≈ 𝑦0 + 𝑦0 ′ ℎ𝑑𝑡 +

2ℎ
(𝑏1
3

+ ⋯ )))

ℎ2 𝑑𝑡 2
ℎ
ℎ
(𝑦0 ′′ + (𝑏0 + (𝑏1 + ⋯ )))
2
3
2

(17)
(18)

Using Gauß–Radau spacing, these integrals can be well approximated using the previously presented
equations. Clearly, the coefficients 𝑏𝑘 have to be determined. To find approximations for these
coefficients, the force during the timestep is approximated in order to evaluate 𝑔𝑘 . Since the force
depends on the velocity and position at the previous timestep, the predictor–corrector method is used to
iteratively increase the accuracy in the velocity and position estimations. The iterations are carried out
until the accuracy is sufficient, namely when machine accuracy has been reached. Details on the
convergence and numerical integration carried out by the IAS15-integrator are described by Rein and
Spiegel (2015).

2.4. Orbital Similarity and D-criterion in Parent Body
Determination
Resonances play a big role in the orbital evolution of small Solar System bodies. In the Main Asteroid
Belt, the most important resonances are the mean motion resonances, induced when the ratio between
the orbital period of the asteroid and the orbital period of Jupiter is an integer, and the secular resonances,
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which occur when the precession of the asteroid orbit occurs at the same rate as the precession of Jupiter
or Saturn. These effects all alter a stable asteroid orbit, increasing the orbital eccentricity and possibly
sending the asteroid onto an Earth crossing orbit. In fact, these resonances, especially the major mean
motion resonances (particularly the 3/1 mean motion resonance with Jupiter) have been found to be the
most important delivery mechanism responsible for sending new asteroids onto Earth-crossing orbits
(Morbidelli, 2002). The meteoroid delivery mechanism is thought to be a result of the same orbital
resonances, reached by fragments from asteroid collisions, a model supported by the size of the
meteoroid orbits that have been determined to date (McSween Jr. 1999).
If the origin is common, the orbits of two bodies should be similar, even though they can deviate over
time. The meteoroid orbit’s deviation with respect to the parent body orbit is, however, impossible to
determine absolutely, since for example radiation pressure and different ejection velocities induces
changes in the orbital elements relative to those of the parent body. When considering the dynamic
origin of small Solar System bodies, different criteria are used to determine whether two bodies share a
common origin based on the likeness of the evolution of their orbits. Making use of such criteria,
meteoroids and other small Solar System bodies can be associated to specific parent body candidates
based on the distance and relative velocity between their orbits. The measure of the orbital difference is
known as dissimilarity.
One such criterion is known as the D-criterion, which is a function calculating the dissimilarity of two
bodies, in this case the orbit of the meteoroid and that of the suggested parent body. The first and most
commonly used algorithm was developed by Southworth and Hawkins in 1963 and is known as the
Southworth-Hawkins criterion or the 𝐷𝑆𝐻 -criterion (Southworth, Hawkins 1963). Later, slightly
different versions of the 𝐷𝑆𝐻 -criterion were developed as well, for example the 𝐷𝐷 - and 𝐷𝐽𝑂𝑃 -criterion
by Drummond and Jopek respectively (Drummond, 1981, Jopek 1993). The comparison of the orbital
evolution of two bodies in this way uses the dissimilarity value, D, to determine the deviation between
the orbits based on the orbital elements, which are coordinates in the five-dimensional phase space. The
larger the dissimilarity value, the less likely the orbits are to coincide. The calculated dissimilarity value
is therefore compared to an upper limiting value of D, which depends on factors individual to each case.
When determining the dynamic origin of meteoroids, it is necessary to calculate the dissimilarity value
repeatedly as the orbit is traced backwards in time; if a long time has passed since the meteoroid was
released from the parent body, this will increase the deviation between the orbital elements of the
meteoroid and the reference orbit due to planetary perturbations affecting the evolution of the orbit.
Thus, for each case, one needs to determine what D-criterion function of the distance between the orbits
to use as well as what upper limit is necessary and sufficient to determine whether they share a common
origin. An association between a meteoroid and a parent body candidate requires that the 𝐷𝑆𝐻 – value
stayed low for at least the last 5000 years (Porubcan, Kronos & Williams 2004)
The expression for the Southworth-Hawkins orbital similarity function, 𝐷𝑆𝐻 , and its dependency on the
orbital parameters of the meteoroid orbit (index 1) and the reference orbit (index 2) is found in (19). If
the value of 𝐷𝑆𝐻 is small, this implies that the orbits are similar, and that they may share a common
origin.
𝐼
𝑒2 + 𝑒1 2
𝑊
𝐷𝑆𝐻 2 = (𝑒2 − 𝑒1 )2 + (𝑞2 − 𝑞1 )2 + (2 sin ( ))2 + (
) (2 sin ( ))2
2
2
2
where
𝐼
𝑖2 − 𝑖1 2
𝛺2 − 𝛺1 2
(2 sin ( ))2 = (2sin(
)) + sin(𝑖1 ) sin(𝑖2 )(2sin(
))
2
2
2
𝑖2 + 𝑖1
𝛺2 − 𝛺1
𝐼
𝑊 = 𝜔2 − 𝜔1 ± 2sin−1 (cos(
)sin(
) sec ( ))
2
2
2

12

(19)

Here, the orbital elements follow the same notation as the definitions of orbital elements in section 2.1.
q is the distance of periapsis, often specified instead of the semimajor axis. I is the reciprocal angle
between the orbits, and W is the angle between the direction of periapsis of each orbit (see eccentricity
vector in section 2.1). In the definition of W, the last term is subtracted if the absolute value of the
difference between the longitude of the ascending node of each orbit is greater than 180̊ (Moorhead
2016).
There are differences between the different D-criteria. For example, a 2014 analysis of different Dcriteria found that the 𝐷𝐷 - criterion is not as sensitive as other criteria to the uncertainty in observational
data, while the 𝐷𝑆𝐻 -criterion and the 𝐷𝐽𝑂𝑃 -criterion are more stable (Sokolova et al 2014). Aside from
the D-criterion, there are also other comparative methods which have been adopted with the purpose of
analysing orbit dissimilarity. For example, methods adopting proper orbital element comparisons or
comparisons of the energy and momentum have been used for similar objectives (Nesvorny,
Vokrouhlicky 2006; Valsecci, Jopek, Froeschle 1999).
In this study, the 𝐷𝑆𝐻 -criterion is used to compare the orbital evolution of two orbits, namely meteoroids
and their parent body candidates This criterion has been used many times before in the context of finding
meteoroid parent bodies (e.g. Trigo-Rodríguez et al 2015). In a 2004 comparative study, the 𝐷𝑆𝐻 criterion was found to be the most suitable criterion at least in the case of meteor stream parent body
identification, due to secular changes in some of the orbital elements (Porubcan, Kronos & Williams
2004).

2.5

Coordinate Transformations in Meteor Observations

To be able to use the D-criterion to compare the orbits of Earth crossing meteoroids to the orbits of their
parent body candidates, the meteoroid orbits first need to be constrained from the visual observations.
Therefore, it is necessary to calculate the state vector of the meteoroid prior to atmospheric entry. The
state vector is a 6-dimensional vector combining the instantaneous 3-dimensional position and 3dimensional velocity. To determine the heliocentric orbit of a visually observed meteoroid using the
procedure previously described in this section, very accurate measurements of the position and velocity
prior to atmospheric entry are necessary. The apparent radiant of a meteor is the point in the sky from
which the meteoroid appears to be originating, from the perspective of the observer on Earth. The
apparent velocity in horizontal coordinates (i.e. the altitude alt and the azimuth az) are known from the
visual observations., along with the longitude, λ, and latitude, 𝜑, of the observation site, and the height
𝑙 of the radiant above the ground. In this subsection, the corrections and coordinate transformations
necessary to obtain the heliocentric, pre-atmospheric position and velocity vectors enabling orbit
determination are discussed.

2.5.1 Corrections to the Apparent Velocity
The horizontal coordinates are transformed to rectangular, topocentric coordinates according to (20),
which is a basic transformation from spherical to cartesian coordinates. Angles and coordinate systems
are defined in Figure 2. The magnitude of the apparent speed is denoted 𝑣𝑎 , and the apparent speed is
thus −𝑣𝑎 in this coordinate system, since the meteoroid is falling towards the Earth. The orientation of
the target coordinate system is described in the description of Figure 2.
𝑣𝑥 = −𝑣𝑎 sin(𝜗) cos( 𝜃)
𝑣𝑦 = −𝑣𝑎 sin(𝜗) sin( 𝜃)
𝑣𝑧 = −𝑣𝑎 cos(𝜗)
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(20)

Figure 2: The velocity vector 𝒗𝒂 in a topocentric, rectangular coordinate system relative to the horizontal coordinate system at
the longitude and latitude of observed position, placing the meteoroid at the start of the meteor track. In the cartesian coordinate
system, the 𝑥𝑦-plane is along the surface of the Earth at height 𝑙, with the 𝑥-axis towards the East (𝐸), the 𝑦-axis towards the
North (𝑁), and the 𝑧-axis normal to the surface of the Earth.

The apparent radiant and the apparent pre-entry velocity of the meteoroid deviate from the true radiant
and velocity of the meteoroid due to the gravitational and rotational effects of the Earth. Two
displacement effects are called diurnal aberration and zenith attraction; the first being the aberrational
displacement of the radiant caused by the observer’s velocity due to the rotation of the Earth, and the
latter describing the change in apparent velocity caused by the gravitational attraction of the Earth. It is
evident that the diurnal aberration depends on the location of the observer on the surface of the Earth as
well as the time of observation. This effect is small, especially near the meridian, and the corrections
are often negligible (Wylie 1939; Inouye 1939).
The apparent velocity of the meteoroid must, however, be corrected for the rotational velocity of the
Earth. Since the observer is moving East along with the Earth’s rotation, the meteoroid appears to be
moving faster towards the West. To find the rotational speed of the Earth at the observed position of the
meteoroid defined by the latitude and height above the ground, (21) is used. The rotational velocity of
the Earth at this location is denoted 𝑣𝑟𝑜𝑡 , which evidently has components in the x-direction only. The
apparent velocity is then corrected for the rotational speed of the Earth according to (22). Here, 𝑠 is the
sidereal day (in seconds, if the velocity is expressed in distance per second).
2𝜋(𝒓𝟏 cos(𝜑))
𝑠
𝒗𝒄 = (𝑣𝑥 + 𝑣𝑟𝑜𝑡 , 𝑣𝑦 , 𝑣𝑧 )
𝒗𝒓𝒐𝒕 =

(21)
(22)

The apparent velocity of the meteor is significantly increased compared to the true velocity due to the
gravitational attraction of the Earth; an effect known as the zenith attraction. The lower the speed of the
meteor, the greater the effect of the zenith attraction. Because the meteoroid is pulled towards the Earth
gravitationally at the time of the observation, the true topocentric velocity 𝑣𝑇 depends on the velocity
corrected for the rotational speed of the Earth obtained previously, 𝑣𝑐 and the escape velocity 𝑣𝑒𝑠𝑐 . The
escape velocity of the Earth for the given meteor position is found through (25). Here, 𝑀𝑒 denotes the
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mass of the Earth, 𝐺 is the gravitational constant, 𝑟𝑒 + l is the meteoroids distance to the centre of the Earth
at the time of infall.

𝑣𝑒𝑠𝑐

(23)

2𝐺𝑀𝑒
= √
𝑟𝑒 + 𝑙

To find the velocity 𝑣𝑇 we need to subtract the escape velocity from 𝑣𝑐 . This is done by solving for 𝑣𝑇
in (24). The zenith attraction is then calculated using (25), solving for the zenith attraction ∆𝑧.
𝑣𝑐 2 − 𝑣𝑇 2 = 𝑣𝑒𝑠𝑐 2

(24)

∆𝑧
𝑣𝑐 − 𝑣𝑇
𝑧
tan ( ) =
tan( )
2
𝑣𝑐 + 𝑣𝑇
2

(25)

Here, 𝑣𝑐 , is the apparent velocity of the meteor corrected for the rotational velocity of the Earth, 𝑧 is the
apparent zenith distance, 𝑣𝑒𝑠𝑐 is the speed from infinity for the Earth, and 𝑣𝑇 is the meteoroid
𝑣 −𝑣
topocentric speed corrected for the Earth’s gravitational attraction. As is evident, the fraction 𝑣𝑐 + 𝑣𝑇 is
𝑐

𝑇

constant for a given apparent velocity, and the tabulated values can be obtained as well (e.g. Inouye
1939). Adding ∆𝑧 to 𝑧 gives the corrected zenith distance. Turning again to horizontal coordinates, 𝑎𝑙𝑡2
and 𝑎𝑧2 are the horizontal coordinates of the velocity vector 𝑣𝑐 . These can be obtained by transforming
𝑣𝑐 back to horizontal coordinates using the inverse of the transformation described in (20). The altitude
corrected for the zenith attraction, 𝑎𝑙𝑡3 , is then found using (26). The zenith distance’s dependence on
the altitude is given by (27).
𝑎𝑙𝑡3 = 90 − ( ∆𝑧 + 𝑧)

(26)

𝑧 = 90 − 𝑎𝑙𝑡2

(27)

The corrected horizontal coordinates (𝑎𝑙𝑡3, 𝑎𝑧2) are transformed to topocentric, rectangular coordinates,
using the same transformation from horizontal to rectangular coordinates used in (20). The new, true
velocity vector in topocentric, rectangular coordinates 𝒗𝑻 is then transformed to geocentric coordinates
using the same transformations as are used to transform the position vector of the meteoroid from
topocentric to geocentric rectangular coordinates. This transformation is presented in the next
subsection.

2.5.2 Topocentric to Geocentric Coordinate Transformation
The topocentric position vector of the meteoroid at the beginning of the meteor track, where the
meteoroid enters the atmosphere, is denoted 𝒓𝑻′ = (𝑥𝑇′ , 𝑦𝑇′ , 𝑧𝑇′ ) = (0,0, 𝑙), where 𝑙 is the meteoroid’s
height above the ground at the time of observation. To transform this vector from the topocentric
coordinate system to the geocentric coordinate system, a translation to the centre of the Earth is required.
This is a straight forward transformation and the target position vector 𝒓𝑻 = (𝑥𝑇 , 𝑦𝑇 , 𝑧𝑇 ) = (0,0, 𝑟𝑒 + 𝑙)
is easily obtained. Here, 𝑟𝑒 is the radius of the Earth, corrected for the flatness of the Earth.
The translated position vector 𝒓𝑻 and the topocentric, corrected velocity vector 𝒗𝑻 are transformed to
geocentric coordinates using the inverse of the two transformation matrices 𝑅𝑋 and 𝑅𝑍 presented in (28)
and (29). Figure 3 shows the two coordinate systems. Beginning with a vector in the geocentric (𝑥̂, 𝑦̂, 𝑧̂ )
-system, the rotational matrix 𝑅𝑧 rotates the coordinate system around the 𝑧̂ -axis to the right longitude.
𝜆, after which the resulting coordinate system is rotated with the rotational matrix 𝑅𝑥 around the x-axis
to the right latitude, 𝜑, arriving at the topocentric (𝑥̂′ , 𝑦̂′ , 𝑧̂′ ) – system.
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1
0
0
𝑅𝑋 = (0 cos(90 − 𝜑) sin(90 − 𝜑) )
0 − sin(90 − 𝜑) cos(90 − 𝜑)

(28)

cos(90 + 𝜆) sin(90 + 𝜆) 0
𝑅𝑍 = (−sin(90 + 𝜆) cos(90 + 𝜆) 0)
0
0
1

(29)

Beginning with a topocentric coordinate system, the inverse transformation is desired. This
transformation is presented in (30) and (31), where 𝑅𝑋 𝑇 and 𝑅𝑍 𝑇 denote the inverse of each matrix, which
coincides with the respective transpose. 𝒓 and 𝒗 denote the meteoroid position vector and velocity vector
in geocentric coordinates. 𝒓𝑻 and 𝒗𝑻 are the position vector and the corrected velocity vector in the
geocentric, rectangular coordinate system, respectively. These are the target vectors.
𝒓 = (𝑅𝑋 𝑇 𝑅𝑍 𝑇 )𝒓𝑻

(30)

𝒗 = (𝑅𝑋 𝑇 𝑅𝑍 𝑇 )𝒗𝑻

(31)

Figure 3: Orientation of the geocentric vs the topocentric coordinate system. The North (𝑁), East (𝐸) , West (𝑊) and South
(𝑆) of the Earth is included for reference, along with the defined longitude and latitude.

2.5.3 Geocentric to Heliocentric Coordinate Transformation
So far in this section, the geocentric state vector of the meteoroid prior to its atmospheric entry has been
obtained. The next step is to move from the reference frame centred on Earth to the Ecliptic J2000
reference frame, which is based on the equator and equinox of the Earth, determined from observations
of planetary motions. This transformation handles the orientation of the Earth relative to the Sun on the
specific time of observation. The tilt of the Earth’s axis relative to the Sun is also accounted for here.
The xy-plane is the Ecliptic plane, i.e. Earth’s orbital plane, with the positive x-axis in the direction of
the vernal equinox. The transformation is complex, but is easily performed using the SPICE Toolkit
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available to the public by the NASA Navigation and Ancillary Information Facility, given the J2000
TDB time of the observation.
The heliocentric velocity of the meteoroid prior to the entry of the atmosphere is obtained by adding the
heliocentric, ecliptic velocity of the Earth, 𝒗𝒆𝒂𝒓𝒕𝒉= (𝑣𝑒𝑥 , 𝑣𝑒𝑦 , 𝑣𝑒𝑧 ), to the geocentric, ecliptic velocity of
the meteor obtained. Similarly, the heliocentric, ecliptic position of the meteoroid in rectangular
coordinates is found by adding the corresponding coordinates of the centre of the Earth,
𝒓𝒆𝒂𝒓𝒕𝒉= (𝑥𝑒 , 𝑦𝑒 , 𝑧𝑒 ), to the geocentric position of the meteoroid.
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Chapter 3
Method
Determination of a meteoroid orbit to sufficient accuracy requires reliable information on the
meteoroid’s pre-atmospheric velocity and geocentric radiant. In this study, the meteoroid orbits of
several meteors observed by the Swedish Allsky Meteor Network are determined. A Python-based
computer program is brought forth, taking input data from the camera network and using the visual
observations and the numerical integration software package REBOUND to trace the orbital evolution
of the meteoroids backwards in time. Finally, attempts to find plausible parent body associations through
analysis of the evolution of the Southworth-Hawkins dissimilarity criterion are made. The developed
algorithm is tested by reproducing the results claiming a plausible association between the Annama
meteorite and the asteroid 2014 UR1116, published by Trigo-Rodríguez et al in 2015.

3.1

Observations

The Swedish Allsky Meteor Network (Stempels, Kero 2016) was initiated in 2014 in Uppsala, Sweden,
inspired by the corresponding camera surveillance network Stjerneskud in Denmark. The Swedish
Allsky Meteor Network consists of camera stations located on different geographical locations in
Sweden, and there are currently 10 active camera stations:
•
•
•
•
•
•
•
•
•
•

Uppsala University, Ångström Laboratory, Uppsala (UPP)
Uppsala Amatörastronomer, Uppsala (UAA)
IRF Kiruna (ALISO)
IRF Abisko (ALISA)
Mölndal (SAAF1)
Arvika (ARV)
Borlänge (BOR)
Hoberg (HBRG)
Mörkret (MRK)
Umeå (UMU)

Given the coordinates of the location of each camera station, two or more calibrated visual observations
of a single meteor gives enough information to calculate the progenic meteoroid’s atmospheric trajectory
and the position of the meteoroid at the start of the meteor track using the method of triangulation. Thus,
the visual observations of meteors registered by the camera stations provide information on the preatmospheric entry speed and trajectory of the meteoroid, as well as the height at the start of the meteor
track. Of course, the meteoroid is affected by its atmospheric interaction as soon as it enters the
atmosphere. Therefore, the meteoroid has already lost a small part of its initial kinetic energy and
momentum at the start of the meteor track, when it first becomes visible. This is already corrected for
in the observational data obtained by the meteor network.

3.1.1 Uncertainty in Meteor Observations
Each camera station has a measurement uncertainty of approximately 0.2 degrees, based on the pixel
size and focal length of the cameras. A conservative discussion of the measurement uncertainties
follows: A typical bolide is located at a distance of 100-200 km from the cameras. Therefore, the
uncertainty in the position of a point on the meteor track amounts to 350-700 m. A typical meteor track
is 100 km long. With an uncertainty of 100 m in the measured position of the beginning and end of the
meteor track, the uncertainty in the direction of the meteor could therefore reach 0.11 degrees. This
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applies to situations where only two observations are available. Usually, however, the number of
observations is higher, enabling well-constrained orbits. In these cases, the uncertainty decreases with
the square root of the number of observations.
The uncertainty in the determination of the meteor speed requires propagation of the errors in both the
time and position determinations. The length of the meteor track is usually well known, with an
uncertainty of about ± 100 m for a 100 km track. The time duration between the start- and end of the
meteor track has a measurement uncertainty of about 0.1 seconds. For a body travelling 100 km with a
speed of 20 km/s, which is a typical atmospheric entry speed for a meteoroid, this uncertainty level
yields a velocity uncertainty of ± 0.4 km/s.
The above discussion is primitive. For each simulation using observations from the network, the
meteoroid orbits are determined using several different state vectors within the uncertainty around the
observed values of the initial velocity, course and incidence. These slightly equal simulations for each
meteoroid are referred to as clones throughout the remainder of this thesis. The clones are analysed in
order to see how this level of measurement uncertainty affects the evolution of the orbits and the
probability of finding parent body associations. Here, the upper and lower uncertainty limits are based
on the above discussion, but it is important to keep in mind that since most orbit determinations are
based on several observations by the Swedish Allsky Meteor Network, the uncertainty is usually lower
than concluded in the previous exemplification.

3.2

Transformations

Since the apparent radiant and entry velocity of the meteoroid are known from the visual observations
obtained by the Swedish Allsky Meteor Network, the heliocentric orbit of the meteoroid prior to its
atmospheric entry can be determined theoretically according to the discussion in section 2. To perform
the orbital integration with the numerical integrator REBOUND (see section 2.3.3), the meteoroid’s
position and trajectory at atmospheric entry have to be given in the barycentric, ecliptic J2000 coordinate
frame. The Python script used to perform these transformations, calculate the meteoroid state vector and
determine the initial orbit of the meteoroid is presented in Appendix A.
The input data for each meteor event are:
•
•
•
•
•
•

the meteor speed at the start of the meteor track
the course, or direction the meteor is travelling, in degrees (azimuth angle)
the incidence, or altitude angle of the meteor track, in degrees (altitude angle)
the timestamp of the meteor observation given in seconds since the Epoch (J2000)
the longitude and latitude of the meteor observation
the height at the start of the meteor track

The function returns the barycentric, cartesian state vector of the meteoroid prior to its atmospheric
entry, i.e. the three-dimensional cartesian position vector and the three-dimensional cartesian velocity
vector. These are given in the target reference frame at the time of the observation according to the input
timestamp. The Python function handles conversion between the initial, topocentric horizontal reference
frame and the final cartesian barycentric, ecliptic J2000 reference frame. Corrections for the rotation of
the Earth and the Earth’s location and orientation with respect to the barycentre of the Solar System are
made. The flattening of the Earth is also accounted for in order to obtain the correct state vector in the
target reference frame. These transformations are performed using NASA's NAIF (Navigation and
Ancillary Information Facility) SPICE Toolkit, which is openly available to the public.
The Python function can be used to calculate the orbital elements of meteoroids in isolated meteor
events. However, since the orbit will be integrated in a multiple particle system and the numerical
integrator takes care of the zenith attraction, this functionality is not used prior to integration (if not
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otherwise stated). Instead, the cartesian state vector is converted to orbital elements using the
REBOUND integration software directly.

3.3

Numerical Integration and Parent Body Determination

When the state vector of the meteoroid prior to atmospheric entry has been obtained, the orbit is traced
20 000 years backwards in time using the REBOUND numerical integration software. The Python script
used to perform the backward orbit integration is presented in Appendix B. The orbit integrations are
carried out using REBOUND’s standard non-symplectic high accuracy integrator IAS15 (see section
2.3.3). Using the REBOUND integration software, data can be imported from NASA JPL Horizons, a
large database containing information on the orbits and physical properties of Solar System bodies,
including planets, satellites, small Solar System bodies and spacecrafts. If not otherwise stated,
perturbations from the barycentre of the Sun and all eight planets of the Solar System (Mercury, Venus,
Earth, Mars, Jupiter, Saturn, Uranus and Neptune) are taken into account during the integration phase.
When adding a planet to the simulation, it is always the barycentre with the respective satellites that is
considered.
The integration phase is divided into two steps: First, an initial negative timestep of 0.025 s is used to
integrate the meteoroid out of the near-Earth environment. A negative timestep is used to declare that
the simulation should run backwards in time. Note, however, that the size of this timestep will change
since the integrator used, IAS15, is adaptive. In this integration phase, the Earth and the Moon are added
from the NASA JPL Horizons database individually. This is necessary, since the meteoroid’s initial
position crosses the orbit of the Earth. A meteoroid with a typical speed of 20 km/s travels a distance of
3.5 million km in 48 hours, thus reaching well outside the immediate gravitational field of the EarthMoon system in this time period. Therefore, after 48 hours of backward integration, the meteoroid is
considered to be far enough away from the Earth and Moon to motivate replacing the two bodies by
their barycentre, and at the same time increasing the timestep to -86,400 s (24 h). Note again that the
timestep can be modified during the integration since the integrator is adaptive.
The Southworth-Hawkins dissimilarity criterion, 𝐷𝑆𝐻 , is used to compare the evolution of possible
parent body candidates to the evolution of the meteoroid orbit, as discussed in section 2.4. Plausible
candidates are found using the NASA JPL Small-Body Database Search Engine. Some wide-range
initial restrictions on the eccentricity and inclinations of the orbits are made, before candidates
generating an initial 𝐷𝑆𝐻 -value below 0.2 in comparison with the meteoroid orbit are selected from the
database. All bodies included in the database with 0.1 < 𝑒 < 1 and 0̊ < 𝑖 < 100 ̊ are included in the
search for plausible parent body associations.
The evolution of the meteoroid and the selected parent body candidates are integrated 20 000 years
backwards in time, and the 𝐷𝑆𝐻 -evolution over the entire time period is analysed to find plausible parent
body associations. No specific upper limit of the 𝐷𝑆𝐻 -value over 20 000 years is initially adopted. In the
analysis, parent bodies for which the 𝐷𝑆𝐻 -evolution remains low over time compared to other plausible
parent bodies are selected. The 𝐷𝑆𝐻 -value should remain low for at least 5000 years before an association
claim can be made (see section 2.4).
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Chapter 4
Results
In this section, the results obtained using the developed Python-program are presented. First, the success
of the method is verified by reproducing the results presented by Trigo-Rodríguez et al (2015). Secondly,
the method is applied to meteor events observed by the Swedish Allsky Meteor Network. The events
studied are denoted by the observation dates. Specifically, results for the 2017-12-14 Geminid meteor
shower event and the 2017-08-11 Perseid meteor shower event are presented, along with an unclassified
2017-06-28 meteor event.

4.1

The Annama H5 Meteorite

A plausible dynamic relationship between the Annama H5 meteorite and the Apollo asteroid 2014
UR116 was found by Trigo-Rodríguez et al in 2015. The published heliocentric orbits of the Annama
meteorite and the asteroid 2014 UR116 are presented in Table 1. It should be noted that the specified
orbital elements of the published orbits are outside of the gravitational field of the Earth.
Body
Annama
2014 UR116

q [AU]

a [AU]

i[̊]

e

Ω[̊]

Ω[̊]

0.634 ± 0.006
0.563579

1.99 ± 0.12
2.06962405

14.65 ± 0.46
6.57463

0.69 ± 0.02
0.727689

28.611± 0.001
6.0125

264.77 ± 0.55
286.8123

Table 1: Published heliocentric, orbital elements (equinox 2000.00) for the Annama meteorite and plausible parent body
candidate 2014 UR116, as proposed by Trigo-Rodríguez et al (2015).

In the original article, 12 potential parent body candidates were identified for which the initial 𝐷𝑆𝐻 -value
did not exceed 0.2. The orbits and 𝐷𝑆𝐻 -evolution of each meteoroid-parent body pair were traced
backwards in time for at least 20 000 years, and planetary perturbations from the Sun and five of the
Solar System planets, Venus, Earth, Mars, Jupiter and Saturn, were taken into account. The results
showed a plausible association to the Apollo asteroid 2014 UR116, while the 𝐷𝑆𝐻 -value of the other 11
candidates rapidly diverged, according to the authors. The integrations were performed using the
MERCURY 6-program.
Here, an attempt to reproduce these results with REBOUND, using the developed parent body
determination Python-program described in section 3, is made. The published Annama orbit and the
published orbit of the Apollo asteroid 2014 UR116 are traced 20 000 years backwards in time, with the
integration starting at the time of the infall of the Annama meteorite; 2014-04-18 22:15 (TDB). Since
the true or mean anomaly at this time is not presented along with the published orbital elements, the true
anomaly of 2014 UR116 at the specific time is taken from the JPL Horizons database. The published
orbit of the Annama meteorite is found not to cross the orbit of the Earth (the initial distance between
the centre of the Earth and the closest point of Annama’s orbit amounts to 3·106 km according to our
calculations, where the location of the Earth at the time of infall is taken from the JPL Horizons
database). The true anomaly of the Annama meteoroid at the time of infall is taken to be 274.6̊, which
places the meteoroid as close as possible to the centre of the Earth on the published orbit.
The published, heliocentric orbits of the Annama meteorite and the asteroid 2014 UR116 are shown in
Figure 4, where the Annama meteorite and 2014 UR116 are placed in their respective orbits according
to the true anomaly previously specified.
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Figure 4: The published orbits of the Annama meteorite (red) and asteroid 2014 UR116 (blue) relative to the orbits of
Mercury, Venus, Earth and Mars (black). Planets and small bodies are included as black dots at their respective locations.

The 𝐷𝑆𝐻 -evolution obtained from this integration is presented in Figure 5a and 6, where the first shows
the evolution of the dissimilarity as perturbations from the Sun and the same six planets that were used
in the original article are taken into account, and the latter shows the evolution where perturbations from
the Sun and all eight planets of the Solar System are taken into account. For each planet that is added to
the simulation, it is actually the barycentre of the planets and their respective satellites that is considered.
To evaluate the results presented in Figure 5a, Figure 5b shows the corresponding 𝐷𝑆𝐻 -evolution as
obtained by Trigo-Rodríguez et al (2015).

Figure 5a: The calculated 10 000 year 𝐷𝑆𝐻 -evolution of the
Annama meteorite and 2014 UR116. Perturbations from Venus,
Earth, Mars, Jupiter and Saturn are taken into account.
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Figure 5b: The 10 000 year 𝐷𝑆𝐻 -evolution of the
Annama meteorite and 2014 UR116 originally
published by Trigo-Rodríguez et al (2015, Figure 3, p.
2124.). Figure included for comparison purposes.

Figure 6: The calculated 10 000 year 𝐷𝑆𝐻 -evolution of the Annama meteorite and 2014 UR116. Perturbations from all
planets of the Solar System are taken into account.

Based on the published orbital elements of the Annama meteoroid, 19 parent body candidates each
yielding an initial 𝐷𝑆𝐻 -value below 0.2 are found using the JPL – Small Body Database Search Engine.
All bodies included in the database with 0.1 < 𝑒 < 1 and 0 ̊ < 𝑖 < 100 ̊ are included in the search. Out
of the final 19 selected bodies, 10 are also found in the original research carried out by Trigo-Rodríguez
et al (2015). The remaining 9 candidates were all discovered in 2015 or later, after the original
publication in 2015. The 19 parent body candidates found are 2012 EB3, 2000 EJ26, 2002 GM5, 2003
GR22, 2004 HA1, 2004 VY14, 2005 TU50, 2012 HQ, 2012 TT5, 2014 UR116, 2015 VD2, 2015 FH37,
2015 WA2, 2016 GP221, 2016 UD, 2017 TF5, 2017 UH6, 2017 UZ44 and 2018 GR1.
Of the 19 selected parent body candidates, 12 show a rapidly deviating 𝐷𝑆𝐻 -evolution; 2002 GM5, 2003
GR22, 2004 HA1, 2005 TU50, 2014 UR116, 2015 FH37, 2015 WA2, 2016 GP221, 2017 TF5, 2017
UH6, 2018 GR1 and 2000 EJ26. The remaining 7 candidates show a 𝐷𝑆𝐻 -evolution remaining below
0.4 over the first 10 000 years of integration. The 𝐷𝑆𝐻 -evolution of two of these bodies, asteroids 2002
EB3 and 2017 UZ44, remain below 0.45 over 20 000 years. 2017 UZ44 stands out, as its 𝐷𝑆𝐻 -value
remains well below 0.2 over 10 000 years, while the 𝐷𝑆𝐻 -evolution of all the other 18 candidates rises
above 0.2 within 2500 years or less. The barycentric orbits of the Annama meteoroid and asteroid 2017
UZ44 are presented in Figure 7, and the 𝐷𝑆𝐻 -evolution over 20 000 years is presented in Figure 8.

Figure 7: The published, barycentric orbit of the
Annama meteorite (red) and the barycentric
orbit of asteroid 2017 UZ44 (blue) relative to the
orbits of Mercury, Venus, Earth and Mars
(black). Planets and small bodies are included as
black dots at their respective locations.

Figure 8: The 20 000 year 𝐷𝑆𝐻 -evolution of the Annama meteorite and
2017 UZ44. Perturbations from all nine planets are taken into account.
A close up of the 𝐷𝑆𝐻 -evolution can be seen in the miniature graph.
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4.2

2017-12-14 Geminid Meteor Shower Event

On the 14th of December in 2017 at 19:06:17.510 (UTC), a meteor was observed by two Swedish Allsky
Meteor Network camera stations (ALISA and ALISO) as well as one Norwegian camera station (SOR).
Based on its radiant and trajectory, it was classified as a meteor of the Geminid meteor shower.
Snapshots of the meteor as observed by the ALISA camera station at IRF Abisko and the ALISO camera
station at IRF Kiruna can be seen in Figure 9 and 10.
The apparent entry velocity of the meteor was determined to be 35.68 km/s, and the height at the start
of the meteor track was determined to be 98.3 km. The course of the trajectory at entry was determined
to be 258.9̊ and the incidence 32.0̊. The start of the meteor track was located at longitude 17.5161 ̊ E and
latitude 68.077404 ̊ N. The heliocentric, orbital elements of the pre-atmospheric orbit calculated based
on these observations are 𝑞 = 0.134 AU, 𝑒 = 0.889, 𝑖 = 24.71, 𝛺 = 262.7 ̊ and 𝜔 = 326.7 ̊. Based on
its orbit, parent body candidates yielding an initial 𝐷𝑆𝐻 -value below 0.2 are found using the JPL – Small
Body Database Search Engine. Two such candidates are found; asteroids 3200 Phaethon (1983 TB) and
2011 XA3.
The orbits of the 2017-12-14 meteor along with the orbits of both parent body candidates are integrated
20 000 years backwards in time, with perturbations from all Solar System planets and the Sun taken into
account. The 𝐷𝑆𝐻 -evolution is initially low in both cases, but the 𝐷𝑆𝐻 -evolution in the case of asteroid
2011 XA3 diverges rapidly. The 𝐷𝑆𝐻 -evolution of the asteroid 3200 Phaethon remains low during the
entire duration of the 20 000 year simulation. The results therefore show a plausible association between
the 2017-12-14 meteoroid and asteroid 3200 Phaethon, which is also the confirmed Geminid parent
body.

Figure 9: Snapshot of the 2017-12-14 meteor observed by
the ALISA camera station of the Swedish Allsky Meteor
Network.

Figure 10: Snapshot of the 2017-12-14 meteor observed by
the ALISO camera station of the Swedish Allsky Meteor
Network.

Figure 11 shows the orbit projections onto the ecliptic plane of the Geminid meteoroid observed 201712-14 and parent body candidate asteroid 3200 Phaethon (1983 TB). The 𝐷𝑆𝐻 -evolution is presented in
Figure 12. The orbits shown are the orbits 48 hours prior to the start of the integration, thus 48 hours
prior to the atmospheric entry of the meteoroid.
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Figure 11: The barycentric orbits of the 201712-14 meteoroid (red) and asteroid 3200
Phaethon (blue) relative to the orbits of
Mercury, Venus, Earth and Mars (black) 48
hours prior to the start of the integration. Planets
and small bodies are included as black dots at
their respective locations.

Figure 12: The 20 000 year 𝐷𝑆𝐻 -evolution of the 2017-12-14 meteoroid
and 3200 Phaethon. Perturbations from all planets of the Solar System
are taken into account. Five clones of different velocities within the
uncertainty at the start of the meteor track are presented. These are the
observed velocity 𝑣 = 35.68 km/s (blue), 𝑣 = 35.68 − 0.2 km/s
(yellow), 𝑣 = 35.68 km/s − 0.4 (black), 𝑣 = 35.68 + 0.2 km/s
(green) and 𝑣 = 35.68 + 0.4 km/s (red). A close up of the 𝐷𝑆𝐻 evolution can be seen in the miniature graph.

Integrations include perturbations from the Earth and the Moon during the first 48 hours of the backward
integration. To demonstrate the orbit’s dependency on the integration environment when the meteoroid
is within the Earth’s vicinity, the entire integration of the 2017-12-14 meteoroid is carried out in two
additional cases: 1) using only the Earth during the entire integration, and 2) using only the barycentre
of the Earth and the Moon during the entire integration. In all cases, the remaining seven planets and the
Sun are also included. Figure 13 shows the 𝐷𝑆𝐻 -evolution using the original model, where the Earth and
Moon are replaced by the barycentre 48 hours prior to atmospheric entry. The resulting 𝐷𝑆𝐻 -evolution
using only the Earth is presented in Figure 14, and the corresponding evolution using only the barycentre
of the Earth and the Moon during the entire duration of the simulation is presented in Figure 15.

Figure 13 The 20 000 year 𝐷𝑆𝐻 evolution of the 2017-12-14 meteoroid
and 3200 Phaethon. Perturbations from
all planets of the Solar System are
taken into account. The simulation
includes perturbations from the Earth
and the Moon during the initial 48
hours of the simulation, whereafter the
individual bodies are replaced by the
Earth-Moon barycentre.

Figure 14: The 20 000 year 𝐷𝑆𝐻 evolution of the 2017-12-14 meteoroid
and 3200 Phaethon. Perturbations from
all planets of the Solar System are taken
into account. The simulation excludes
perturbations from the Moon during the
entire integration.
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Figure 15: The 20 000 year 𝐷𝑆𝐻 evolution of the 2017-12-14 meteoroid
and 3200 Phaethon. Perturbations from
all planets of the Solar System are
taken into account. The simulation is
carried out using the barycentre of the
Earth and the Moon during the entire
integration.

4.3. 2017-08-11 Perseid Meteor Shower Event
On the 11th of August in 2017 at 21:02:08.390 (UTC), a meteor was observed by four Swedish Allsky
Meteor Network camera stations (UPP, UAA, HBRG and BOR). Based on its radiant and trajectory, it
was classified as a meteor of the Perseid meteor shower. Snapshots of the meteor as observed by the
UPP camera station at Uppsala University and the HBRG camera station in Hoberg can be seen in Figure
16 and 17.

Figure 16: Snapshot of the 2017-08-11 meteor observed by
the UPP camera station of the Swedish Allsky Meteor
Network.

Figure 17: Snapshot of the 2017-08-11 meteor observed by
the HBRG camera station of the Swedish Allsky Meteor
Network.

The apparent entry velocity of the meteor was determined to be 58.87 km/s, and the height at the start
of the meteor track was determined to be 105.0 km. The course of the trajectory at entry was determined
to be 218.1̊ and the incidence 38.3̊. The start of the meteor track was located at longitude 16.7873 ̊ E
and latitude 60.164045 ̊ N.
The heliocentric orbital elements of the pre-atmospheric orbit calculated based on these observations
are 𝑞 = 0.93 AU, 𝑒 = 0.831, 𝑖 = 112.7 ̊, 𝛺 = 139.1 ̊ and 𝜔 = 145.1 .̊ Based on its orbit, parent body
candidates yielding an initial 𝐷𝑆𝐻 -value below 0.2 are found using the JPL – Small Body Database
Search Engine. Only one such candidate is found; the comet 109P/Swift-Tuttle. This is also the
confirmed parent body of the Perseid meteor shower. The orbit of the 2017-08-11 meteoroid and the
orbit of the parent body candidate are integrated 20 000 years backwards in time, with perturbations
from all Solar System planets and the Sun taken into account.
Figure 18 shows the orbits of the Perseid meteoroid observed 2017-08-11 and parent body candidate
comet 109P/Swift-Tuttle. The orbits are shown 48 hours prior to the start of the integration, thus 48
hours prior to the atmospheric entry of the meteoroid. The 𝐷𝑆𝐻 -evolution is presented in Figure 19. It is
initially low, but deviates rapidly as soon as the backward integration is initiated. Since Swift-Tuttle is
the only candidate with an initially low dissimilarity value, it is the most likely parent body candidate
discovered at present. However, based on the dissimilarity evolution, no plausible association with the
comet Swift-Tuttle can be claimed based on these results.
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Figure 18: The barycentric orbits of the 201708-11 meteoroid (red) and comet 109P/SwiftTuttle (blue) relative to the orbits of Mercury,
Venus, Earth, Mars and Jupiter (black) 48 hours
prior to the start of the integration. Planets and
small bodies are included as black dots at their
respective locations.

4.4

Figure 19: The 20 000 year 𝐷𝑆𝐻 -evolution of the 2017-08-11 meteoroid
and 3200 Phaethon. Perturbations from all planets of the Solar System
are taken into account. Five clones within the velocity uncertainty are
shown. These are the results from integrations carried out using the
meteoroid orbit calculated using the observed velocity 𝑣 = 58.87 km/
s km/s (blue),
𝑣 = 58.87 km/s − 0.2 km/s
(yellow),
𝑣=
58.87 km/s km/s − 0.4 (black), 𝑣 = 58.87 km/s + 0.2 km/s (green)
and 𝑣 = 58.87 km/s + 0.4 km/s (red).

2017-06-28 Meteor Event

On the 28th of June in 2017 at 23:15:03.510 (UTC), a meteor was observed by four Swedish Allsky
Meteor Network camera stations (UPP, UAA, HBRG and BOR). Based on its radiant and trajectory, the
meteor could not be classified as part of a known meteor shower. Snapshots of the meteor as observed
by the UPP camera station at Uppsala University and the BOR camera station in Borlänge can be seen
in Figure 20 and 21.
The apparent entry velocity of the meteor was determined to be 21.16 km/s, and the height at the start
of the meteor track was determined to be 91.8 km. The course of the trajectory at atmospheric entry was
determined to be 20.1̊ and the incidence 32.3̊. The start of the meteor track was located at longitude
16.7559 ̊ E and latitude 59.897542 N. The heliocentric orbital elements of the pre-atmospheric orbit
calculated based on these observations are 𝑞 = 0.778 AU, 𝑒 = 0.697, 𝑖 = 11.6 ̊, 𝛺 = 97.20 ̊ and 𝜔 =
244.6 .̊

Figure 20: Snapshot of the 2017-06-28 meteor observed by
the UAA camera station of the Swedish Allsky Meteor
Network.
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Figure 21: Snapshot of the 2017-06-28 meteor observed
by the BOR camera station of the Swedish Allsky Meteor
Network.

Based on its orbit, parent body candidates yielding an initial 𝐷𝑆𝐻 -value below 0.2 are found using the
JPL – Small Body Database Search Engine. 24 such candidates are found, and the orbits of each
candidate together with the orbit of the 2017-06-28 meteoroid is integrated 20 000 years backwards in
time, with perturbations from all Solar System planets and the Sun taken into account. The 𝐷𝑆𝐻 evolution of asteroid 2003 KU2 is the only one that does not diverge rapidly within a few thousand
years, instead remaining below 0.3 over the first 10 000 years of integration.
Figure 22 shows the orbits of the 2017-06-28 meteoroid and the parent body candidate 2003 KU2. The
orbits are shown 48 hours prior to the start of the integration, thus 48 hours prior to the atmospheric
entry of the meteoroid. Figure 23 shows this 𝐷𝑆𝐻 -evolution along with clones within the uncertainty of
the initial velocity. Figure 24 shows the 𝐷𝑆𝐻 -evolution of clones within the uncertainty of the courseand incidence angles of the trajectory previously presented. Each clone represents the simulation using
the orbit calculated with equal uncertainty in both angles. Based on these results, the asteroid 2003 KU2
is concluded to be the most plausible parent body candidate found for this meteor.

Figure 22: The barycentric orbits of the 2017-06-28 meteoroid (red) and asteroid 2003 KU2 (blue) relative to the orbits of
Mercury, Venus, Earth, Mars and Jupiter (black) 48 hours prior to the start of the integration. Planets and small bodies are
included as black dots at their respective locations.

Figure 23: The 20 000 year 𝐷𝑆𝐻 -evolution of the 2017-0628 meteoroid and 2003 KU2. Perturbations from all planets
of the Solar System are taken into account. Five simulation
clones are shown, calculating the meteoroid orbit using the
observed velocity 𝑣 = 21.16 km/s km/s (blue), 𝑣 =
21.16 km/s − 0.2 km/s (yellow), 𝑣 = 21.16km/s −
0.4 km/s (black), 𝑣 = 21.16km/s + 0.2 km/s (green)
and 𝑣 = 21.16 km/s + 0.4 km/s (red).

Figure 24: The 20 000 year 𝐷𝑆𝐻 -evolution of the 2017-0628 meteoroid and 2003 KU2. Perturbations from all planets
of the Solar System are taken into account. Five simulation
clones are shown, calculating the meteoroid orbit using the
determined course and incidence (blue), along with deviated
course- and incidence angles of ±0.1̊ (yellow, green) and ±
0.2̊ (black, red)
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Chapter 5
Discussion
5.1

The Annama H5 Meteorite

The 𝐷𝑆𝐻 -evolution in the case of the Annama meteorite and asteroid 2014 UR116 obtained using the
REBOUND-based model developed in this thesis (Figure 5a) is considered to be consistent with the
𝐷𝑆𝐻 -evolution presented by Trigo-Rodríguez et al (2015) (Figure 5b). The corresponding plot of the
𝐷𝑆𝐻 -evolution obtained by Trigo-Rodríguez et al (2015) can also be found in the cited article. Since the
numerical integration processes in the two cases are not identical, smaller differences between the 𝐷𝑆𝐻 evolutions are to be expected, but the overall behaviour of the evolution is consistent with the previously
obtained results. This indicates that the Python-based program that has been developed is successful to
a satisfying degree. Thus, the REBOUND integration software seems to yield sufficient results and can
be used for parent body identifications and analysis of the 𝐷𝑆𝐻 -evolution of meteoroids and their parent
body candidates, provided that the meteoroid orbit is known to high accuracy.
However, only one published result has been reproduced, and further research on differences between
integrations utilizing MERCURY and REBOUND should be carried out. Furthermore, this study only
investigates the overall possibility of finding parent bodies using the 𝐷𝑆𝐻 -criterion and does not evaluate
the success of the theoretical method of using the criterion to find parent bodies in general. This is an
interesting area, but one that is outside the scope of this study.
The results presented by Trigo-Rodríguez et al (2015) on the 𝐷𝑆𝐻 -evolution of the Annama meteorite
and asteroid 2014 UR116 only take perturbations from the planets Venus, Earth, Mars, Jupiter and
Saturn into account. Comparing the 𝐷𝑆𝐻 -evolution obtained by the model used in this study, including
perturbations from the same planets (Figure 5a), to the 𝐷𝑆𝐻 -evolution obtained using perturbations from
the barycentre of all eight planets of the Solar System (Figure 6), it is obvious that the orbital evolution
in the two cases are not identical and that adding the barycentres of Mercury, Neptune and Uranus has
a significant impact on the 𝐷𝑆𝐻 -evolution over time, even though the overall behaviour of the 𝐷𝑆𝐻 evolution in both cases are similar. Therefore, the results indicate that the gravitational forces these
bodies attribute to the system cannot be neglected, and that all planets of the Solar System should be
accounted for in meteoroid orbit simulations of this kind. Note that the effects of for example precession
has been assumed to be negligible.
It should also be noted that the orbital elements of the published orbit of the Annama meteorite given
by Trigo-Rodríguez et al (2015) are found to be outside the gravitational field of the Earth. Therefore,
directly adding the Annama meteoroid on the published orbit to the simulation built in REBOUND will
introduce an additional error, as the zenith attraction will be corrected for twice. However, since the
published orbit does not cross the orbit of the Earth, as previously discussed, the effects are considered
insignificant compared to the error of the Annama meteoroids initial location relative to the Earth (since
this orbit should of course come very close to the Earth at the time of infall). Using the barycentre of the
Earth and the Moon for the entirety of the backward integration is therefore motivated, and the results
are considered reliable.
Even though the 𝐷𝑆𝐻 -evolution of the Annama meteorite and asteroid 2014 UR116 obtained in this study
shows an overall similar behaviour to the published results, the conclusions with regards to plausible
parent body candidates are not consistent with the results obtained by Trigo-Rodríguez et al (2015). A
few candidates discovered after the date of the original publication show an initially low 𝐷𝑆𝐻 -value, but
based on the integrations carried out in this study, even without taking the recently discovered bodies
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into account, 2014 UR 116 does not stand out as the most plausible parent body. Since the 𝐷𝑆𝐻 -value of
several parent body candidates stays equally low over the course of the integration according to the new
results, the motivation behind the discarding of the remaining bodies is not obvious. Instead, the new
results indicate a plausible association of the Annama meteorite to the relatively recently discovered
asteroid 2017 UZ44, for which the 𝐷𝑆𝐻 -evolution stays significantly lower than it does for all other
parent body candidates over 20 000 years, and especially over the first 10 000 years of backward
integration. This conclusion is, however, solely based on the similarity in the orbital evolution of the
orbits. An interesting feature of the 𝐷𝑆𝐻 -evolution in the case of 2017 UZ44 is its accelerating increase
10 000 years prior to infall, which stays fairly rapid for the remaining 10 000 years of backward
integration. This behaviour of the 𝐷𝑆𝐻 -evolution could imply a possible close encounter or the initiation
of a resonance effect on the orbits, but this has not been investigated further.
Besides differences in the execution of the numerical integration between the analysis conducted in this
study and the one performed by Trigo-Rodríguez et al (2015), the differences in the results and
conclusions could be attributed to the fact that in this study, planetary perturbations of additional planets
are taken into account. As has been shown, this has a significant, yet non-dramatic, impact on the 𝐷𝑆𝐻 evolution. Furthermore, the orbits of the parent body candidates in the NASA Horizons database are
continuously improved due to additional observations, and will thus not be identical to the orbits
available in 2015. These factors make the new results more reliable. However, when evaluating these
results, one must keep in mind that the published Annama orbit, which has been used in this study, does
not cross the orbit of the Earth and that the orbit calculations based on the original observations have
not been reproduced as part of this study. Therefore, there is a reservation for inconsistencies between
the initial conditions of each study. For example, the exact location of the Annama meteorite in its orbit
is now known, and the meteoroid has been placed at the point in the orbit closest to the Earth, which is
most likely not the correct location. Ideally, the integration would make use of the initial observations,
to better evaluate the results of the new model as a whole. Based on the fact that the 𝐷𝑆𝐻 -evolution of
the 2014 UR116 is indeed consistent with the published results, however, it would be interesting to
further investigate the possibility of 2017 UZ44 being the parent body of the Annama meteorite. Based
to the results obtained by the model developed in this thesis, the 𝐷𝑆𝐻 -evolution of Annama and 2017
UZ44 is significantly more promising in terms of 2017 UZ44 being a plausible parent body candidate
than the other parent body candidates found, should its orbital elements not change significantly due to
an increased number of observations in the future. However, clones within the uncertainty have not been
analysed, and the robustness of the results is therefore not known.

5.2

Meteor Shower Parent Body Determination

The results strongly indicate a plausible association between the 2017-12-14 Geminid meteoroid and
asteroid 3200 Phaethon (Figure 12), the confirmed Geminid parent body, which gives support to the
model that has been developed in this thesis. The 𝐷𝑆𝐻 -evolution remains very low for the entire duration
of the 20 000 year integration, and does not seem to be very sensitive to the initial conditions, as the
𝐷𝑆𝐻 -evolution remains low throughout the integration for all clones within the uncertainty of the initial
speed of the meteoroid at infall. The clone at the upper uncertainty limit (𝑣 = 35.68 + 0.4 km/s) reaches a
𝐷𝑆𝐻 -level of 0.2 over 20 000 years, which is still very low and strongly implies an association to the
selected parent body. In this case, the association can be found even with much simpler models of the
near-Earth environment, as the 𝐷𝑆𝐻 -evolution remains low even when the Earth-Moon barycentre is
used from the beginning of the integration (Figure 15). However, the strongest association is found with
the initial near-Earth model using the Moon and the Earth as separate bodies, which is of course also the
most correct approach in the perspective of physics.
The same is not true in the case of the 2017-08-11 Perseid meteoroid. While the confirmed parent body
109P/Swift-Tuttle is the only candidate found in the JPL – Small Body Database Search Engine with an
initially low dissimilarity value, indicating that it is the best parent body candidate discovered to date,
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the 𝐷𝑆𝐻 -evolution rises quickly as soon as the backward integration is initiated (Figure 19). This is
interesting since 109P/Swift-Tuttle is the confirmed parent body, and the model therefore evidently
breaks down in this case. There are possible explanations as to why this is:
The major difference between the 2017-12-14 meteoroid parent body candidate 3200 Phaethon and the
2017-08-11 parent body candidate 109/Swift-Tuttle is that 3200 Phaethon is an Apollo asteroid whereas
109P/Swift-Tuttle is a comet with a very eccentric orbit, thus reaching well outside the inner Solar
System (𝑎~26 AU). Comparing Figure 11 and 18, it is evident that the orbits of the 2017-12-14
meteoroid and 3200 Phaethon coincide much better than the orbits of the 2017-08-11 meteoroid and
109P/Swift-Tuttle. In the latter case, the semi-major axis of the meteoroid is much smaller than the semimajor axis of the proposed parent comet. Due to the long orbital period of the parent body, and cometary
parent body candidates in general, the effects of planetary perturbations can have greater impact on the
orbital evolution of the body, which becomes sensitive to the positions of the major perturbers when the
comet passes the inner Solar System. It can thus be difficult to find parent body associations for specific
meteoroids with cometary parent bodies, since many such meteoroids are not very young at the time of
infall. Cometary meteors are perhaps more likely to be linked to a parent body through orbital integration
if they are not more than a few revolutions old, which is not usually the case. Furthermore, the
environment of comets compared to asteroids is more active, and the outgassing process can have effects
on the orbits of the meteoroids that they produce, perhaps making them more likely to deviate from the
orbit of the parent body. Asteroid parent bodies with short periods should show a more regular
behaviour, assuming that there are no close approaches with a major perturber. If this is the case,
however, the parent body will be impossible to determine using this method.

5.3

Uncertainty in Parent Body Determination

In the case of the 2017-06-28 meteoroid event, only one plausible parent body candidate is found in the
asteroid 2003 KU2. As can be seen in Figure 23 and 24, the 𝐷𝑆𝐻 -evolution of the orbits changes
significantly within the uncertainty interval of the initial speed, course and incidence of the meteoroid
at infall. Given an uncertainty of ±0.4 km/s, the association cannot be claimed to any absolute degree,
although looking only at the 5000 year limit (see section 2.4) an association could actually be concluded,
as the 𝐷𝑆𝐻 -evolution remains low during this time period. Note, however, that since the number of
observations exceeds two, the uncertainty in the velocity, course and incidence are most likely
overestimated as discussed in section 3.1.1, and the uncertainty in the 𝐷𝑆𝐻 -evolution should therefore
be lower.
In some cases, however, no parent body candidate can indeed be identified through analysis of the 𝐷𝑆𝐻 evolution. There are several reasons as to why this could be:
•
•

•
•
•

the uncertainty in the initial orbit is too high, and the true initial orbit would generate
more parent body candidates with low dissimilarity values
the orbit of the parent body of the meteor has been exposed to a close approach with a
major perturber sometime between the release of the meteoroid and the infall, changing
the orbit relative to the associated body
the meteoroid or parent body candidate passes too close to a perturber in the system,
making the modelling of the planets and the satellites at the barycentre too simple
the parent body is an asteroid or comet that has not yet been discovered (newly
discovered small bodies are continuously added to the JPL – Small Body Database)
the meteoroid ejection mechanisms and resonance effects have sent the meteoroid on
an orbit that deviates from the true orbit

Parent body determination through orbital integration requires very accurate initial conditions, as the
error of the orbit will propagate and even very small deviations in the orbit prior to infall will become
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significant over time Another prerequisite in the ideal case is the non-existence of ejection mechanisms
and orbital resonances, carrying the meteoroid onto an orbit that deviates from the orbit of the parent
body. Where this is the case, finding the parent body through analysis of the 𝐷𝑆𝐻 -evolution is not
possible. If the meteoroid or parent body passes too close to another perturber of the system, this will
be evident when analysing the 𝐷𝑆𝐻 -evolution of these specific bodies. However, the orbital change will
most likely be large enough for the initial 𝐷𝑆𝐻 -value to deviate too much, making it hard to select the
parent body to begin with. Therefore, in the case where a close approach has altered either of the orbits,
this might never be detected, and the parent body cannot be determined. Because of this, determination
of single meteoroid parent bodies through analysis of the 𝐷𝑆𝐻 -evolution is never absolute, as there may
be close approaches or resonances in the history of the orbital evolution that induces permanent changes
in the dissimilarity values of the orbits.
Apart from the selected events discussed above, other meteor events observed by the Swedish Allsky
Meteor Network have been studied. In some cases, very large numbers of parent body candidates with
initial 𝐷𝑆𝐻 -values below 0.2 are identified, out of which several show a 𝐷𝑆𝐻 -evolution staying relatively
low over time and no specific parent body stands out as the best match, based on the 𝐷𝑆𝐻 -evolution over
20 000 years. One possible reason for such a large pool of candidates with an initially low dissimilarity
value is low orbital inclination, since there will be a lot of asteroids in the Main Asteroid Belt prone to
be selected. Otherwise, the reason for not finding a best plausible association to any parent body could
be any of the reasons discussed above, as the method is not absolute. As discussed in section 2.3, the
meteoroid delivery mechanisms, such as orbital resonances caused by Jupiter, might play a big role in
sending a lot of Main Belt meteoroids on Earth crossing orbits, and in this case the parent body will not
be possible to identify in this way.
As can be seen in Figure 12, Figure 23 and Figure 24, the uncertainty in the initial conditions has to be
low in order for any plausible association claims to be made. Different orbits are not equally sensitive
to the initial conditions, but the initial pre-atmospheric entry orbits are heavily sensitive to uncertainties
in the initial speed as well as the course and incidence of the velocity, and this of course affects the 𝐷𝑆𝐻 evolution over time. As we can see in Figure 23, the velocity clones in this case generally do not yield
a 𝐷𝑆𝐻 -evolution low enough for an association claim to be made, except in one case (the clone with the
initially observed speed). Comparison between Figure 23 and Figure 24 also indicates that the
uncertainty in the initial speed has a somewhat greater impact on the 𝐷𝑆𝐻 -evolution than the uncertainty
in the initial course and incidence, even though these levels of uncertainties yield highly uncertain results
for all three parameters. Therefore, to be able to use the developed model to find plausible associations
to a high degree of accuracy, the uncertainty in the observations must be very low. Luckily, there are
usually many measurement points for each observed meteor, which means that the orbit is probably well
constrained, and the uncertainties used in this analysis should therefore merely be worst-case scenarios.
However, the accuracy can always be increased, for example lowered measurement uncertainty can be
accomplished using a greater number of camera stations in the Swedish Allsky Meteor Network. Based
on the results obtained, an observational accuracy well below 0.1 km/s is desired, since the 𝐷𝑆𝐻 evolution evidently is very sensitive to the initial conditions and varies too greatly within an uncertainty
of 0.2-0.4 km/s.
Furthermore, using observations of meteors in the atmosphere of the Earth requires special consideration
to be put into the near-Earth integration process. As we can see in Figure 11 and 12, even in the case of
the 2017-12-14 meteoroid the behaviour of the 𝐷𝑆𝐻 -evolution is dependent on how the integration within
the vicinity of the Earth is handled. In this study, the Earth and the Moon are added individually for the
first 48 hours of integration, as the meteoroids are very close these bodies initially. The model could
most likely be improved using an integrator specialised in the near-Earth environment. For example, a
topic not touched upon in this thesis is the atmospheric influence on the orbit determination. To further
improve the model, investigations on how to improve the accuracy of the near-Earth integration would
therefore be a first step.
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Chapter 6
Conclusion
In this thesis, a Python-based program using the REBOUND software integration package to integrate
meteoroid orbits backwards in time has been developed. The program uses data from observations made
by the Swedish Allsky Meteor Network, and traces the 𝐷𝑆𝐻 -evolution of the meteoroid orbits compared
to selected parent body candidates backwards in time. The model has been used to successfully
reproduce the 𝐷𝑆𝐻 -evolution of the Annama meteorite and plausible parent body candidate 2014 UR116
presented by Trigo-Rodríguez et al (2015). Based on this analysis, the model is concluded to be
sufficiently accurate to motivate further use for meteoroid orbit integration purposes, and it is thus shown
that REBOUND can be used for meteoroid orbit integrations with successful results. Moreover, using
the new model, a new plausible parent body candidate for the Annama H5 meteorite, the asteroid 2017
UZ44, is identified.
Comparing the 𝐷𝑆𝐻 -evolution in the case of the Annama meteorite and asteroid 2014 UR116 using
perturbations excluding and including perturbations from the planets Mercury, Uranus and Neptune
respectively, it is shown that all planets of the Solar System are massive enough to influence the
behaviour of the 𝐷𝑆𝐻 -evolution. It is therefore concluded that perturbations from all major perturbers of
the Solar System should be included in meteoroid orbit integrations. Moreover, it is shown that the
model used in the near-Earth integration phase is crucial to the accuracy of the results, and special
consideration should be taken to this integration phase.
Finally, observations from the Swedish Allsky Meteor Network are used to determine plausible
associations of two meteors, one of which confirms the parent body of the Geminid meteor shower. In
an unclassified meteor event, the asteroid 2003 KU2 is identified as a plausible parent body candidate,
albeit with a high degree of uncertainty. In the case of one meteor event previously identified as a
Perseid, the verification of the parent body is not successful using the developed model. In this case, no
parent body candidate is found. Furthermore, it is found that to be able to successfully use the developed
model to determine the dynamic origin of meteoroids observed by the Swedish Allsky Meteor Network,
the observational accuracy of the initial speed, course and incidence must be very high, so that the initial
meteoroid orbits can be well-constrained.

33

Chapter 7
Recommendation
An obvious next step to further this research is to use the developed model on an extensive number of
observations from the Swedish Allsky Meteor Network, to find plausible parent body candidates and
increase understanding of the influx and origin of meteors observed in Sweden. Preferably, this should
be done with an observational uncertainty at least well below 0.1 km/s in the initial velocity.
Additionally, it would be interesting to further investigate what maximum levels of observational
uncertainty can be allowed before the orbit determination is deemed too inaccurate for parent body
determination. The results generated by the model can in turn be used to evaluate the parent body
verification method based on the evolution of the dissimilarity of the orbits, and increase understanding
of the 𝐷𝑆𝐻 -evolution and how well it can be used to determine the dynamic origin of meteoroids. The
possibility of the asteroid 2017 UZ44 being the parent body of the Annama meteorite should also be
investigated further.
In this study, initial analyses of the developed model have been carried out. To continue the research
and increase the accuracy of the model, further improvement analyses can be made. For example,
REBOUND’s integrators are not specialised in the near-Earth environment, which is a crucial part in
the backward integration of meteoroids observed by camera networks on Earth, including the Swedish
Allsky Meteor Network. Improvements to the meteoroid integration within the immediate gravitational
field of the Earth can therefore be made, investigating the possibility and effect of using integrators more
specialised in such integrations. Moreover, further analyses comparing the success of MERCURY- and
REBOUND-based models in meteor parent body determination could be made, in order to investigate
whether the simplicity of the REBOUND interface can be taken advantage of without losing the
accuracy of the widely used MERCURY- program, and gain insight into the effects of the numerical
differences.
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Appendix A
def orbit(az, alt, spd_success, v_obs, avg_speed, resname, timestamp, doplot=''):
'''
NAME:
orbit
PURPOSE:
Calculates radiant and orbital elements for a meteor observation.
CALLING SEQUENCE:
ra, dec, orbelts = orbit(<az>, <alt>, <spd_success>, <v_obs>, <avg_speed>, <resname>,
<timestamp> [, doplot='<option>'])
INPUTS:
The format of the input is mainly to facilitate calling from
matchlogs.py
<az> The direction the meteor is travelling, "heading", in degrees.
<alt> The altitude angle of the meteor track, in degrees
<spd_success> Boolean, true if a atmospheric entry speed has been
calculated.
<v_obs> The fitted atmospheric entry speed.
<avg_speed> Observed average speed, only used if the entry speed
is not available.
<resname> Name of the result file created by metrack.py
<timestamp> Time of observation, given as seconds since the Epoch (UNIX)
OPTIONAL INPUTS
doplot='<option>'
'' : Do not output any graphics
'show' : Show graphics on screen
'save' : Save graphics to file 'orbit.png'
'both' : Show and save
OUTPUTS:
The R.A. and declination of the radiant, corrected for Earth's
rotation speed and Zenith attraction.
Tuple of orbital elements in the ECLIPJ2000 system:
Perifocal distance [AU]
Eccentricity
Inclination
[deg]
Long. Asc. Node [deg]
Arg. of Periapse [deg]
Mean Anom @ Epoch [deg]
Epoch
[UTC]
G*M_Sun
'''
import time
import matplotlib
if doplot == 'save':
if (matplotlib.get_backend() != 'agg'): matplotlib.use('agg')
from matplotlib import pylab
pylab.get_backend()
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resdat = readres(resname)
lon = resdat.long1[0]
lat = resdat.lat1[0]
height = resdat.height[0]
# Caution: This is for the time and place of the call, not the observation
timezone = time.timezone / 3600
dst = time.localtime()[-1]
#dst = 0
if spd_success == False:
v_obs = avg_speed
#kernelpath = '/Users/kansli/Desktop/kandidatarbete/Kernels2/'
spice.furnsh( "naif0012.tls.txt" ) # Leapseconds
spice.furnsh( "de430.bsp" )
spice.furnsh( "mar097.bsp" ) # Mars ephemeris - separate since de43x
spice.furnsh( "de-403-masses.tpc" ) # Planetary constants : GM
spice.furnsh( "pck00010.tpc" ) # Planetary constants : RADII
lon = lon * spice.rpd()
lat = lat * spice.rpd()
tm = time.strftime('%Y-%m-%dT%H:%M:%S', time.gmtime(timestamp))
# Input az is course, i.e. moving direction
az = az - 180. # Working az is direction coming from
et = spice.str2et( tm )
# Make correction for Earth rotation speed here
# The observer is moving east along with Earths' rotation,
# causing the meteor to appear moving faster towards west.
# We want to compensate for this.
# Read Earth radius (3 axes)
n, radii_e = spice.bodvrd( "EARTH", "RADII", 3 )
# Earth rotation speed
sidday = 23.9344696 * 3600 # sec
locspd = math.cos(lat)*math.pi*2*(radii_e[0]+height) / sidday
spd_south = math.cos(az * spice.rpd()) * math.cos(alt * spice.rpd()) * v_obs
spd_west = math.sin(az * spice.rpd()) * math.cos(alt * spice.rpd()) * v_obs
spd_down = math.sin(alt * spice.rpd()) * v_obs
new_spd_west = spd_west - locspd
v_rotcorr = math.sqrt(spd_south**2 + new_spd_west**2 + spd_down**2)
v_hor = math.sqrt(spd_south**2 + new_spd_west**2)
alt_rc = 90 - math.atan(v_hor/spd_down) * spice.dpr()
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az_rc = math.atan2(new_spd_west, spd_south) * spice.dpr()
print
print "Observed AZ %6.2f deg ALT %6.2f deg Speed %6.2f km/s" % (az+180, alt, v_obs)
print "Rot-corr AZ %6.2f deg ALT %6.2f deg Speed %6.2f km/s" % (az_rc+180, alt_rc,
v_rotcorr)
# Read gravitational constant * Mass_Earth, unit: Kilometers
n, GM_e = spice.bodvrd( "EARTH", "GM", 1 )
GM_e = GM_e[0]
# Find Earth escape velocity in km/sec
#v_esc = math.sqrt( 2 * GM_e / ( height + radii_e[0] ) )
v_esc = 0 #integration takes care of zenith attraction
if ((v_rotcorr**2 - v_esc**2) > 0):
v_orbit = math.sqrt(v_rotcorr**2 - v_esc**2)
else:
print "Orbit calculation failed"
return None, None, None, None
print "Escape vel:%6.2f km/s Entry vel:%6.2f km/s Orbital vel:%6.2f km/s" % (v_esc, v_rotcorr,
v_orbit)
# Correct for Zenith attraction here
zd = 90 - alt_rc
r = ( v_rotcorr - v_orbit ) / ( v_rotcorr + v_orbit )
dzd = 2 * math.atan( r * math.tan(math.radians(zd/2)) )
czd = math.degrees(dzd) + zd
print "Org. ZD: %6.2f Corrected ZD: %6.2f" % (zd, czd)
calt = 90 - czd
flatcoeff = (radii_e[0]-radii_e[2])/radii_e[0];
vec = spice.georec( lon, lat, height, radii_e[0], flatcoeff )
print
print "Rectangular coords of start of track (IAU_EARTH):\n", vec
print
print "Lon %6.2f deg Lat %6.2f deg Height %6.2f km" % (lon*spice.dpr(), lat*spice.dpr(),
height)
print
zenith, dummy = spice.unorm( vec )
dlon = lon + (1./60)*spice.rpd()
dvec = spice.georec( dlon, lat, height, radii_e[0], flatcoeff )
east, dummy = spice.unorm(spice.vsub(dvec,vec))
dlat = lat + (1./60)*spice.rpd()
dvec = spice.georec( lon, dlat, height, radii_e[0], flatcoeff )
north, dummy = spice.unorm(spice.vsub(dvec,vec))
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alt = calt * spice.rpd()
az = az_rc * spice.rpd()
objvec = spice.vadd( spice.vscl(math.sin(alt), zenith) , spice.vscl(math.cos(alt) , spice.vadd(
spice.vscl(math.cos(az), north) , spice.vscl(math.sin(az), east) ) ) )
# Transformation matrix from Earth to J2000
pxmat = spice.pxform("IAU_EARTH", "J2000", et)
j2objvec = spice.mxv(pxmat, objvec)
dummy , ra , dec = spice.recrad(j2objvec)
print "Alt %6.1f deg AZ %6.1f deg" % ( alt*spice.dpr(), az*spice.dpr())
print "R.A. %6.1f deg Decl %6.1f deg" % ( ra*spice.dpr(), dec*spice.dpr())
print
# Determine name of associated meteor shower, if any:
showername = 'Unsupported' # showerassoc.showerassoc(ra*dpr(), dec*dpr(), v_rotcorr, datestr)
# Transformation matrix from Earth to Ecliptic plane
epxmat = spice.pxform("IAU_EARTH", "ECLIPJ2000", et)
ej2vec = spice.mxv(epxmat, vec)
# Position vector in ecliptic coordinates
ej2objvec = spice.mxv(epxmat, objvec) # Normalized (!) velocity vector in ecliptic coordinates
print "Rectangular coordinates of start of track (ECLIPJ2000):\n", ej2vec
print "Normalized velocity vector (ECLIPJ2000):\n", ej2objvec
dummy , era , edec = spice.recrad(ej2objvec)
erad_alpha = era*spice.dpr()
erad_delta = edec*spice.dpr()
# Velocity vector:
espdvec = spice.radrec( -v_orbit, era, edec )
print "Velocity vector (ECLIPJ2000):\n", espdvec
print
state, lt = spice.spkezr( "399", et, "ECLIPJ2000", "NONE", "0" )
modstate = state[0] + ej2vec[0], \
state[1] + ej2vec[1], \
state[2] + ej2vec[2], \
state[3] + espdvec[0], \
state[4] + espdvec[1], \
state[5] + espdvec[2]
n, gm = spice.bodvrd("Sun", "GM", 1)
gm = gm[0]
elts = spice.oscelt( modstate, et, gm)
orbelts = [ spice.convrt(elts[0], "KM", "AU"), \
elts[1], \
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elts[2] * spice.dpr(), \
elts[3] * spice.dpr(), \
elts[4] * spice.dpr(), \
elts[5] * spice.dpr(), \
spice.et2utc( elts[6], "C", 0) ]
print "State vector of the Earth:\n", state
print
print "Modified state vector, adding in position and velocity of meteoroid:\n", modstate
print
print "Perifocal distance %6.3f AU" % ( spice.convrt(elts[0], "KM", "AU"))
print "Eccentricity
%6.3f" % elts[1]
print "Inclination
%6.1f deg" % (elts[2] * spice.dpr())
print "Long. Asc. Node %6.1f deg" % (elts[3] * spice.dpr())
print "Arg. of Periapse %6.1f deg" % (elts[4] * spice.dpr())
print "Mean Anom @ Epoch %6.1f deg" % (elts[5] * spice.dpr())
print "Epoch", spice.et2utc( elts[6], "C", 0), "UTC"
return modstate
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Appendix B
import rebound
import orbit_timestamp
import spiceypy as spice
import numpy as np
import matplotlib.pyplot as plt
import pandas as pd
#Create a simulation which handles the integration during the first 48 hours, within the gravitational
field of the Earth
sim0 = rebound.Simulation()
sim0.units = ('s','km', 'kg')
date0 = "2017-06-28 23:16" #TDB-time of observation
sim0.add("Sun", date = date0)
sim0.add("399", date = date0)
sim0.add("301", date = date0)
sim0.add("Mercury", date = date0)
sim0.add("Venus", date = date0)
sim0.add("Mars", date = date0)
sim0.add("Jupiter", date = date0)
sim0.add("Saturn", date = date0)
sim0.add("Neptune", date = date0)
sim0.add("Uranus", date = date0)
sim0.status()
#Input files are files containing the input data from the meteor observations, long/lat, velocity etc.
timestamp, startheight, course, incidence, speed, new_format =
orbit_timestamp.read_orbit_input('meteor_2017-06-28T23_15_03.510.txt')
modstate = orbit_timestamp.orbit(course, incidence, True, speed, speed,
'meteor_2017-06-28T23_15_03.510.res.txt',
timestamp, doplot="show")
#meteor position relative to the sun in km
x1_m = modstate[0]
y1_m = modstate[1]
z1_m = modstate[2]
#meteor velocity relative to the sun in km
vx1_m = modstate[3]
vy1_m = modstate[4]
vz1_m = modstate[5]
sim0.add(x=x1_m,y=y1_m,z=z1_m,vx=vx1_m,vy=vy1_m,vz=vz1_m)
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fig = rebound.OrbitPlot(sim0)
sim0.status()
print(sim0.particles[1].a)
orbits = sim0.calculate_orbits()
for orbit in orbits:
print(orbit)
sim0.dt = -0.025
Noutputs = 1000
day = 3600*24
times = np.linspace(0.,-2.*day, Noutputs)
x = np.zeros((2,Noutputs))
y = np.zeros((2,Noutputs))
z = np.zeros((2,Noutputs))
a = np.zeros((2,Noutputs))
e = np.zeros((2,Noutputs))
inc = np.zeros((2,Noutputs))
omega = np.zeros((2,Noutputs))
Omega = np.zeros((2,Noutputs))
f = np.zeros((2,Noutputs))
p = np.zeros((2,Noutputs)) #distance of periapsis
dsh = np.zeros((2,Noutputs))
sim0.integrator = "ias15"
sim0.move_to_com()
ps = sim0.particles

for i,time in enumerate(times):
print i
sim0.integrate(time)
x[0][i] = ps[10].x
y[0][i] = ps[10].y
z[0][i] = ps[10].z
a[0][i] = ps[10].a
e[0][i] = ps[10].e
inc[0][i] = ps[10].inc
omega[0][i] = ps[10].omega
Omega[0][i] = ps[10].Omega
f[0][i] = ps[10].f
p[0][i] = a[0][i]*(1-e[0][i])/149597871.0
#New simulation which starts 48 hours after the meteor observations, when the meteoroid has left the
gravitational field of the Earth.
infile = "20170628Newresults.csv" #Input file containing parent body candidates from the JPLdatabase
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astroids = pd.read_csv(infile,sep=",")
for ii in xrange(0, len(astroids.full_name)):
sim = rebound.Simulation()
sim.units = ('s','km', 'kg')
date = "2017-06-26 23:16"
Name = str(astroids.pdes[ii])
sim.add("Sun", date = date)
sim.add("Earth", date = date) #adding Earth
sim.add("Mercury", date = date)
sim.add("Mars", date = date)
sim.add("Venus", date=date)
sim.add("Jupiter", date=date)
sim.add("Saturn", date=date)
sim.add("Neptune", date=date)
sim.add("Uranus", date=date)
sim.add(Name, date=date)
sim.status()
sim.add(a=a[0][999], e=e[0][999],inc = inc[0][999],omega = omega[0][999],Omega =
Omega[0][999] ,f=f[0][999])
fig = rebound.OrbitPlot(sim)
sim.status()
print(sim.particles[1].a)
orbits = sim.calculate_orbits()
for orbit in orbits:
print(orbit)
sim.dt = -24*3600
Noutputs = 200
year = 3600*24*365.25
times = np.linspace(0.,-20000.*year, Noutputs)
sim.integrator = "ias15"
sim.move_to_com()
ps = sim.particles

RfileName = "./Association/new20170628/skrap" + Name + ".txt"
file = open(RfileName,"w")
file.write("x0 y0 z0 a0 e0 inc0 omega0 Omega0 f0 p0 x1 y1 z1 a1 e1 inc1 omega1 Omega1 f1 p1
dsh t" + "\n")
for i,time in enumerate(times):
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print i
sim.integrate(time)
x[0][i] = ps[9].x
y[0][i] = ps[9].y
z[0][i] = ps[9].z
a[0][i] = ps[9].a
e[0][i] = ps[9].e
inc[0][i] = ps[9].inc
omega[0][i] = ps[9].omega
Omega[0][i] = ps[9].Omega
f[0][i] = ps[9].f
p[0][i] = a[0][i]*(1-e[0][i])/149597871.0
x[1][i] = ps[10].x
y[1][i] = ps[10].y
z[1][i] = ps[10].z
a[1][i] = ps[10].a
e[1][i] = ps[10].e
inc[1][i] = ps[10].inc
omega[1][i] = ps[10].omega
Omega[1][i] = ps[10].Omega
f[1][i] = ps[10].f
p[1][i] = a[1][i]*(1-e[1][i])/149597871.0
angle1 = np.power(2*np.sin((inc[0][i]-inc[1][i])/2),2) +
np.sin(inc[1][i])*np.sin(inc[0][i])*np.power(2*np.sin((Omega[0][i]-Omega[1][i])/2),2)
sign = 1;
if np.abs(Omega[0][i]-Omega[1][i]) > np.pi:
sign = -1;
angle2 = omega[0][i]-omega[1][i]+
sign*2*np.arcsin(np.cos((inc[0][i]+inc[1][i])/2)*np.sin((Omega[0][i]Omega[1][i])/2)*1/np.cos(np.arcsin(np.sqrt(angle1)/2)))
dsh[1][i] = np.sqrt(np.power(( e[0][i]-e[1][i]),2)+np.power((p[0][i]p[1][i]),2)+angle1+np.power((e[0][i]+e[1][i])/2,2)*np.power(2*np.sin(angle2/2),2))
print dsh[1][i]
file.write(str(x[0][i]))
file.write(" " + str(y[0][i]))
file.write(" " + str(z[0][i]))
file.write(" " + str(a[0][i]))
file.write(" " + str(e[0][i]))
file.write(" " + str(inc[0][i]))
file.write(" " + str(omega[0][i]))
file.write(" " + str(Omega[0][i]))
file.write(" " + str(f[0][i]))
file.write(" " + str(p[0][i]))
file.write(" " + str(x[1][i]))
file.write(" " + str(y[1][i]))
file.write(" " + str(z[1][i]))
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file.write(" " + str(a[1][i]))
file.write(" " + str(e[1][i]))
file.write(" " + str(inc[1][i]))
file.write(" " + str(omega[1][i]))
file.write(" " + str(Omega[1][i]))
file.write(" " + str(f[1][i]))
file.write(" " + str(p[1][i]))
file.write(" " + str(dsh[1][i]))
file.write(" " + str(time)+ "\n")
file.close()
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