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Abstract

This work represents a detailed study of the development of g@oftware package, SPARVM,
for the reduction and analysis of meteor videos. The uncertity in determining the
position of a meteor was computed to be 0.23.0 pixels, with a median value of 0.3
pixels. Sub-pixel accuracy (0.2 0.5 pixels) was also reached for the uncertainties in
the astrometric transformation. Dierent modules of SPARV M were compared with
3 other software packages indicating that SPARVM is as good g, if not better than,

those packages.

SPARVM successfully reduced 6567 meteors from the Armagh CGiervatory meteor
database. This includes analysing meteors from four di erat cameras at two di erent
locations. The analysis of the double station meteors has malted in a double station
database of 457 meteors containing their radiants, velocies and orbital elements. A
good agreement was found between the orbital elements of the-Virginids and its

possible parent candidate 1998 SH2.

A detailed analysis of the 2007 Aurigids enabled us to con rmthat the outbursts
occurred at the predicted time due to the debris ejected fronthe parent comet C/1911
N1 (Kiess) in 80 BC. The beginning and ending heights of these Aurigids remmbled
those of Leonid outbursts suggesting a similarity between otbursts from debris of long
and short period comets. The rst high-altitude Aurigid was observed. The presence
of bright and high altitude meteors suggest the possibility of volatile elements, such as

sodium (Na), in these meteoroids.
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Chapter 1

Introduction

Meteors are created by the entry of the meteoroids, grains orocks in the Solar System,
into the atmosphere. Indeed, every year, 30000 tons of int@lanetary dust fall in
the Earth's atmosphere. Studying meteors gives us a better nderstanding of what
the Earth encounters (called the near Earth environment), and sheds light on the
mechanisms leading to the delivery of extraterrestrial mater on to Earth (through the

dynamics).

The existence of meteor records dates back more than 2500 ysaand has been
mentioned in documents recovered from Roman, Greek, anci¢rChinese and Japanese
civilisations (Biot, 1841; Olivier, 1925; McAuli e & Chris tou, 2006). But it was only
after the great Leonid shower in November of 1799 and 1833 tligpeople began to ac-
cept that meteoric phenomena are due to particles with an extaterrestrial origin. On
19" December 1865 and 8 January 1866, E. W. L. Tempel and H. Tuttle respectively
discovered a comet which was named 1866 I/Tempel-Tuttle. Sartly after, Schiapar-
elli (1867), Peters (1867), and Oppolzer (1867) independdly inferred that the orbital
parameters of the 1866 Leonids had a striking resemblance tthat of Tempel-Tuttle.
Schiaparelli (1867) also made the association between theePseid meteor shower (Au-
gust) and comet 1862 I1l/Swift-Tuttle, and (Weiss, 1867) later associated the Lyrids

with comet 1861 I/Thatcher. These were the rst associations made between meteor



showers and comets, suggesting that the meteoroids origited from the comets.

Whipple (1983) suggested the possibility of a relation betveen asteroid 3200 Phaethon
and the December Geminid shower. Investigations done by vaous groups (Williams
& Wu, 1993; Babadzhanov, 1996) con rmed that the Geminids ale indeed related to
3200 Phaethon. The historical developments are describedhidetail by Kronk (1988)
and Williams (1993, 1995). Unlike comets which release dugtarticles through a subli-
mation process, asteroids eject dust through collisions. fie physical similarity between
3200 Phaethon and object 2005 UD (Jewitt & Hsieh, 2006) suggds that both these

bodies and the Geminid stream might have originated from thesame progenitor.

Studying meteors and meteoroids provides clues about theiparent objects: comets
(Trigo-Rodriguez et al., 2009) and asteroids (Porultan etal., 2004). The strength of the
meteoroids, for instance, provides information as to the stucture and evolution of the
parent body. Through meteor studies, the relation between he properties of comets and
asteroids can be further investigated. Studying meteors gies us a better understanding
of the near Earth environment, and sheds light on the dynamial, physical and chemical

properties of comets, asteroids and their evolution in the slar system.

Recently, objects in the asteroid belt such as 133P/Elst-Pzarro, P/2005 Ul (Read)
and (1999 REq) have been discovered, which showed brief cometary actiwt (Hsieh &
Jewitt, 2006), suggesting a relationship between asteroisl and comets. A possibility is
that some of the asteroids are \activated" to show physical ativity similar to those of
comets. Another possibility is that some of the asteroidal djects are dormant comets.
Hsieh & Jewitt (2006) predict that there are 15 to 150 such obgcts, named Main-Belt-
Comets (MBCs). One way to provide the evidence of the cometar characteristics of

MBCs is by relating the meteor trail left behind to their pare nt MBCs.

Meteor ux monitoring can predict the meteoroid hazards in space borne platforms
(Sidorov et al., 1999) and estimate the dust distribution in the near Earth region.
Meteoroids are considered a threat to arti cial satellites because of their high kinetic

energy. Even a 1 mm grain can cause the failure of a communiciain satellite, and the




countermeasures commonly used involve a whole week of shdbwn, which is a huge
loss for public and private companies. The prediction for uusually high showers can

reduce the workload of space agencies in protecting their nchines.

Most of the known meteor showers have unknown parent objects This makes it
impossible to forecast the future events, since the meteorofecasting models rely on
the physical and dynamical properties of the parent objects predominantly comets.
Thus knowing a parent object helps in modelling future outbursts and estimating the

dust distribution in the near Earth region.

As of Jan 1, 2009, there are 5943 known Near-Earth-Objects (EOs) with 768 of
them having a size greater than 1 km in diametet. 1008 of them are potentially dan-
gerous (higher risk of colliding with Earth) with 142 of those having a size greater than
1 km in diameter. There were 4644 new NEOs discovered betweetf' Jan. 2001 and
15t Jan. 2009, from projects such as NEAF, Spacewatc, LONEOS* and Catalina®.
At this rate, there will be signi cantly more NEOs discovered in the future; some of
which may be associated with a trail of dust particles causiig meteor showers. Several
meteor streams are already linked to NEOs (Drummond, 1982; 3son-Steel, 1988).
Based on the orbital elements of meteor streams, one can alsarefully monitor those

areas in space to discover new comets and asteroids.

The International Astronomical Union (IAU) meteor data cen tre ® contains a list of
more than 300 showers. Several of those meteor showers havekaown or unveri ed
parent objects. Jenniskens (2008); Jenniskens & Vaubaillo (2008); Jenniskens (2006)
have listed tables of possible NEOs which could be linked to mteor streams and suggest
that more precise orbits of meteoroids are needed (eg. tharhbse derived from radar
observation). They call for a signi cant increase in analyss of meteoroid streams by

photographic, CCD video, and intensi ed video techniques.

Lhttp://neo.jpl.nasa.gov/stats/

2http://neat.jpl.nasa.gov/
3http://spacewatch.lpl.arizona.edu/
“http://asteroid.lowell.edu/asteroid/loneos/loneos.h  tml
Shttp://ww.Ipl.arizona.edu/css/

S http://www.ta3.sk/IAUC22DB/MDC2007/




Video Observation is one of the most advanced meteor detean techniques. Cur-
rently there are more than 40 video systems operated by amate and professional
astronomers, as well as a number of packages for automatic ne®r detection and anal-
ysis. Apart from these (mainly round-the-clock) meteor obsrvation systems, there are

many video observations carried out during major meteor shwers.

Monitoring the meteor activity on a round-the-clock basis to capture any unexpected
event is the only way to draw the complete picture of the Earth's environment. In
addition, it enables the recovery of meteorites provided ttat the meteor trajectory is
accurately estimated. For example, a bright meteor (reball) occurred on 4" Jan.
2006 in southern France but no meteorite was recovered due tlack of accurate video
observations (Trigo-Rodrguez et al., 2006). A network of video cameras enables us to
accurately compute the meteor trajectories, and assist in €covering the meteorite from

the area where it falls.

With the intention of investigating meteor activity, impro ve understanding of poorly
studied showers, and investigate reballs, Armagh Observéory installed a sky moni-
toring system in July 2005. A need has arisen for an automatednd versatile software
package for the analysis of these meteors. The development the analysis software for
the meteor records from the Armagh Observatory Meteor datalase (AOMD) has been

compiled into this Ph.D. project.

The primary objective of the project deals with the development of an astromet-
ric and photometric analysis tool speci cally for video meteor records, using standard

astronomical data analysis subroutinesand taking into account the characteristics of

o -the-shelf commercially available video cameras. A diret outcome of this e ort re-
sulted in a unique understanding of, and solution to, calibation issues related to the
use of video equipment in this fashion, as well as the constation of standard cor-
rection formulae for external factors that a ect camera sersitivity such as moonlight,
cloud cover, and so on. The software is validated by comparig the results from known

meteor showers with those from meteor databases, and by comaping our results with




those computed from other available software packages.

Meteor astronomy comprises di erent sub- elds such as (i) the dynamical modelling
of meteoroids and the prediction of meteor showers, (ii) theuse of di erent methods
(radio, video, visual) to observe meteors, (iii) data redudion, and (iv) the use of the
reduced dataset to analyse meteors and meteoroids. The sublds are closely linked, eg
(iv) providing feedback to (i). This thesis work is focused m the third part: developing

a software package to reduce meteor records from video obsations.

Chapter 2 provides an introduction on meteors, meteor showes and meteoroids.
Chapter 3 describes the instruments and locations, the sefo of video cameras and

weather records at Armagh Observatory.

Chapter 4 gives the overview of the software, extraction of fames, date and time
from the video records and meteor centroiding. Chapter 5 dewibes the astrometry
and photometry aspect of the software where the meteor's pason and magnitude are
transformed into standard coordinate systems. Chapter 6 dscribes the process of the
double station reduction and computation of the orbital elements for the double station

meteors.

Chapter 7 discusses the use and applicability of the softwar. 6567 meteors from
di erent cameras of the Irish double station network are reduced and analysed. The
radiant, velocity and orbital elements are computed for the double station subset of
these meteors. The limitation and usefulness of the softwar is discussed in detail. The
chapter ends with the analysis of double station meteors to nd parent objects of some

showers.

Chapter 8 discusses the 2007 Aurigid outbursts. The softwar is used to reduce and
analyse the Aurigid meteors and compare the result with the pedicted values. This
shows the nature of the science that can be achieved by usindg¢ software developed
during this PhD project. The nal Chapter (9) summarises our conclusions and possible

future work.




Chapter 2

Meteors, Meteoroids and Comets

2.1 Meteors

Meteors are streaks of light that appear in the sky when an inerplanetary dust particle
ablates in the Earth's atmosphere. The dust particle is caled a meteoroid while the
light itself is called a meteor or what is commonly known as ashooting star or a
falling star . If a meteoroid is large enough to survive ablation, then theremaining
material that falls to the ground is called a meteorite . Ablation is the process where
a meteoroid is heated by the atmosphere due to air friction casing mass loss due to
attrition and fragmentation. When a meteor is brighter than Venus ( 4.6 magnitude)

it is commonly referred to as a reball

Dust and ice particles, which cause typical meteors, rangeni size between 0.05 mm
to 10 cm in diameter (Ceplecha et al., 1998). Most meteoroidsre the size of a sand
grain or a pebble, and yet produce very bright meteors due to heir high velocity. A
1 cm meteoroid with a velocity of 30 km s 1, or a 0.5 cm meteoroid with a velocity
of 60 km s 1 would result in a meteor of about +0 magnitude, brighter than most of
the stars in the sky (Ceplecha et al., 1998). A 1P/Halley met®roid of mass 7 x 1012

kg, which enters the Earth's atmosphere at about 66 km s, would produce a meteor
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of +15 magnitude, whereas a corresponding meteoroid of massf 4 x 10 2 kg would

produce a meteor of about 7 magnitude (Hughes, 1987).

Meteors emit light in spectral bands which depend on the compsition and size of
the meteoroid, the speed of the meteoroid and the atmosphecidensity. When mete-
oroids enter the Earth's atmosphere they are bombarded, bdi on the atomic and the
molecular level, by the constituent elements of the atmospkre. This causes deceler-
ation and heating of the meteoroids due to transfer of energyand momentum. The
kinetic energy of the particle is transferred into thermal energy causing it to vapourise,
the rate of which depends on the particle morphology such ags$ speci ¢ heat capacity
and chemical composition. As a result of the heating, the meatoroids ablate in the

atmosphere.

Meteors appearing to emanate from a common point on the sky, aled a radiant
are categorised as aneteor shower . Meteor showers occur when Earth encounters
streams of dust particles sharing a common orbit and occur aproximately during the
same time every year. The meteors from the same shower seemriadiate from a single
point due to a perspective e ect, comparable to an observerdoking down a long road,

and seeing the sides of the road coming together at some poiin the distance.

Meteor showers are hamed according to the location of theiradiant in the sky. For
example, a meteor shower that has a radiant in the constelldbn of Leo is called the
Leonid shower, and one in the constellation Orion, is calledhe Orionid shower. If a
meteor is not associated with any shower then it is called asporadic . Sporadics have
very di use radiants and are active throughout the year. Sometimes Earth encounters
a dense clump of dust particles which causes enhanced actiyiof meteors for a brief

period of time. This is called ameteor outburst

Observations of meteor showers can give information abouthe dust in the path of
the Earth's orbit. The Zenithal Hourly Rate ( ZHR ) is the number of shower meteors
per hour an observer would see in a clear sky, with limiting s¢llar magnitude +6.5 and

the shower radiant at the zenith. The ZHR can give us information about the number
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density of the meteoroids at the Earth's orbit. The duration of the shower is the interval
of time when the shower activity is detectable over the spordic background. A shower
could last from a few of days (Quadrantids, Draconids etc.) b more than a month
(Perseids, Taurids etc.). The maximum or peak is when the shaer activity has reached
its maximum ZHR. Some showers can have multiple peaks where enhanced actywis
observed. So by establishing the maximum peak period and théotal duration of the

meteor shower, the structure of a meteoroid stream can be piwed.

The absolute magnitude of a meteor is de ned as the magnitudeat a distance of
100 km and at the zenith. The magnitude distribution gives information on the size
distribution of particles in the meteoroid stream. The population index, r, is de ned as
the ratio of the number of meteors from one magnitude class tdhe next fainter one. It
can be estimated observationally for each shower and givesformation about the size
distribution of meteoroids in that particular shower. Typi cal values ofr range from 2.0
(brighter meteors) to 3.5 (fainter meteors), the average slwer (in terms of magnitude)

having a value ofr  2.5.

Table 2.1 shows the IMO’ working list of showers for the year 2005 (as a general
example of showers), their times of occurrence and peak awtty, velocity (V 1 ), radiant
position, population index r and ZHR. V1 is de ned as the initial velocity at the top
of the Earth's atmosphere before the start of meteoroid abléion and deceleration pro-
cesses. Such meteor shower calendars are compiled annudily the International Me-
teor Organisation (IMO) to assist meteor observers. The o cial source of information
about meteor showers is the IAU Meteor Data Centré, which lists the the established
showers, working lists of showers and new showers. 11 new sfers (Kanamori et al.,

2009) were added to the list of meteor showers in April, 2009.

"http:/Aww.imo.net/calendar/2005
8http:/iwww.ta3.sk/IAUC22DB/MDC2007/
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Shower Activity Maximum Radiant Ve r ZHR
Date A o 4 km/s
Quadrantids (QUA) Jan 01 Jan 05 | Jan 03 | 283716 | 230° | +49° | 41 21 | 120
d-Cancrids (DCA) Jan 01-Jan 24 [ Jan 17 | 297° 130° | 420° 28 3.0 4
a-Centaurids (ACE) Jan 28 Feb 21 | Feb 07 | 31992 210° [ =59° | 56 | 2.0 G
d-Leonids (DLE) Feb 15 Mar 10 | Feb 24 | 3367 168° | +16° | 23 | 3.0 2
-Normids (GNO) Feb 25 Mar 22 | Mar 13 | 353° 249° | =51° | 56 | 24 8
Virginids (VIR) Jan 25-Apr 15 | (Mar 24) (4°) 195° | —04° | 30 | 3.0 5
Lyrids (LYR) Apr 16-Apr 25 | Apr 22 32732 | 271° | +34° | 49 | 2.1 18
m-Puppids (PPU) Apr I5-Apr 28 | Apr 24 3370 11o° | —45° 18 2.0 Jar
n-Aquarids (ETA) Apr 19 May 28 | May 05 455 338° | —01° (il 24 G0
Sagittarids (SAG) Apr 15-Jul 15 | (May 19) | (59°) 247 [ =220 | 30 | 2.5 5
June Bootids (JBO) Jun 26-Jul 02 | Jun 27 05°7 224° | +48° 15 2.2 ar
Pegasids (JPE) Jul 07-Jul 13 | Jul 09 | 10795 ad0° | +15° T | 3.0 3
Jul Phoenicids (PHE) Jul 10-Jul 16 | Jul 13 | 111" 320 | —4&® 47 3.0 A

Piscis Austrinids (PAU) Jul 15-Aug 10 | Jul 28 | 125° 341° | —16° 35 3.2 bl
South. d-Aquarids (SDA) | Jul 12 Aug 19 | Jul 28 | 125° 339° | =30° | 41 | 3.2 | 20
a-Capricornids (CAP) Jul 03-Aug 15 | Jul 30 | 1277 307° [ —10° | 23 | 2.5 4
South. -Aquarids (SIA) | Jul 25-Aug 15 | Aug 04 | 1527 334° [ —15° | 34 | 2.9 2
North. d-Aquarids (NDA) | Jul 15 Aug 25 | Aug 08 | 1367 335° [ —05° | 42 | 34 4

Perseids (PER)* Jul 17-Aug 24 | Aug 12 | 140%0 46° | +58° | B0 | 2.6 | 100
k-Cygnids (KCG) Aug 03-Aug 25 | Aug 17 | 145° 286G° | +59° | 25 | 3.0 3
North. -Aquarids (NIA) | Aug 11 Aug 31 | Aug 19 | 147° 3277 | —06° 31 3.2 3
a-Aurigids (AUR) Aug 25 Sep 08 | Sep 01 | 15876 84° | 4427 | 66 | 2.6 10
d-Aurigids (DAUY? Sep 05 Oct 10 | Sep 09 | 16677 G0° | +47° | 64 | 2.9 5
Piseids (SPI) Sep 01 Sep 30 | Sep 19 | 1777 5% | =017 | 26 | 3.0 3
Draconids (GIA) Oct 06-Oct 10 | Oct 08 19574 2627 +54° 20 2.6 FAT
e-Geminids (EGE) Oct 14 Oct 27 | Oct 18 | 2057 1020 | 427° T0 | 3.0 2
Orionids (ORI) Oct 02 Nov 07 | Oct 21 | 2087 95° | +16° | 66 | 2.5 | 23
Southern Taurids (STA) | Oct 01 Nov 25 | Nov 05 | 223° 52° | +13° | 27 | 2.3 5
Northern Taurids (NTA) | Oct 01 Nov 25 [ Nov 12 | 2307 587 | +22° 29 2.3 5
Leonids (LEO) Nov 14 Nov 21 | Nov 17T | 235727 | 153° | +22° 71 2.5 | 20+
a-Monocerotids (AMO) Nov 15-Nov 25 | Nov 21 | 239732 | 117" | +01° 65 24 FAr
y-Orionids (XOR) Nov 26-Dec 15 | Dee 02 | 250° 82° | +23° | 28 | 3.0 3
Dec Phoenicids (PHO) Nov 28 Dec 09 | Dec 06 | 254725 18° | —a3° 18 2.8 rar
Puppid/Velids (PUP) Dec 01-Dec 15 | (Dee 07) [{255°) 123° | —45° | 40 | 2.9 10
Monocerotids (MON) Nov 27 Dec 17 | Dee 09 | 257° w0 | 4+08° 42 3.0 3
o-Hydrids (HYD) Dec 03 Dee 15 | Dee 12 | 260° 127 | 402° | 58 | 3.0 2
Geminids (GEM) Dec 07 Dec 17 | Dec 14 | 26292 112 | 4337 35 2.6 1120
(C'oma Berenicids (COM) Dee 12-Jan 23 | Dec 19 | 268° 175 | 4257 65 3.0 5
Ursids (URS) Dec 17 Dec 26 | Dec 22 | 27057 217 | +76° | 33 | 3.0 10

Table 2.1 : Working list of visual meteor showers from IMO 2005. Maximum dates in

parentheses indicate reference dates for the radiant, notrtie maxima. Some showers
have ZHRs that vary from year to year. The most recent reliabke gure is given here,
except for possibly periodic showers that are noted as \vat. = variable.

2.2 Comets

Comets are irregularly shaped bodies composed of a mixturef mon-volatile grains and
frozen gases. Most of the comets that we observe have highljliptical orbits that bring

them very close to the Sun and then swing them deeply into spag, often beyond the
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orbit of Pluto. The dierent parts of a comet include nucleus, coma, dust tail and

ion tail.

lon tail

Figure 2.1 : Halley's comet takes about 76 years to orbit the Sun. Source Lick
Observatory

Whipple (1950) proposed a cometary model, known as thedirty snowball' model,
that postulated a solid core or nucleus at the centre of the comet. The core is
comprised of ice and dust and would often be several kilomegs in size. As the nucleus
approaches the Sun, the ice begins to sublimate and releasdast grains. This liberated
dust and gas expands to form thecoma of the comet, which could be in the order of
100,000 km across (Carroll & Ostlie, 1996). Solar radiationnteracts with the coma to
form the dust tail , one of the distinct features of comets. The solar wind, compsed
of electrically charged particles, interacts with the ejeted gases, much of which are
ionised by solar radiation after leaving the comet, to form an ion tail . Figure 2.1

shows comet 1P/Halley, with its distinct coma, dust tail, and ion tail.

The velocity with which the meteoroids are ejected from the ®met is called the

ejection velocity Vej. Whipple (1951) de nes V; as:
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q
Vej =  (430Dc=( dr¥4) 0:559 D2) (2.1)

Ve; is related to the size (d, in cm) and density (, in g cm 3) of the meteoroid, the
size (D, in km) and density ( ¢, in g cm 3) of the comet nucleus, the distance from

the Sun (r, in AU) and the heat absorption e ciency ().

The ratio of the light absorbed to the total light striking a m eteoroid is de ned as
, and the light which is not absorbed is re ected depending on the colour and surface
area of the meteoroid. Equation 2.1 is formed on various assaptions including (i) that
the amount of energy carried o by the out ow of water vapour i s proportional to the
energy input from Sunlight, (ii) that the out ow is uniform o ver the nucleus, (iii) that
the meteoroid grains are spherical, and (iv) that the out owing gas has a maxwellian
distribution of velocities. The equation basically descrbes the push on the meteoroid

due to collisions with the water vapour against the pull of gravity of the comet.

Over the years, there have been various modi cations to thisformula based on
di erent assumptions (Crifo & Rodionov, 1997; Brown & Jones, 1998). The Crifo
model describes the ejection speelly as a product of the rate of coupling () between

gas and dust and the gas ejection speed/f).

The gas ejection speed/y is calculated using:

Vg = P (kaTg=Mu,0) (2.2)

where = 4/3 is the ratio of the speci ¢ heats of water, kg (1.3806503 x 1023 m?
kg s 2 K 1) is the Boltzmann constant, My, is the mass of the water molecule and
Ty is the kinetic temperature of the out owing water vapour. Tg is calculated using
values of incident angle of the Sunlight, heliocentric disance of ejection, and albedo of

the nucleus of the comet.

The ejection speedVy is computed using:
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q
Va=  (( +D= D)V (2.3)

The ejection velocity Ve is then shown by:

V& = V{ (8=3)G cR: (2.4)

where the last term is the deceleration caused by the gravitdonal pull of the comet,

where R is the radius of the comet nucleus.

Whipple's formula suggests that a typical +3 magnitude Leonid meteoroid would
be ejected at a speed ol = 285 m s 1 whereas Crifo's formula suggest that the
gjection speedVe; 12.8 m s ! if only 24 % of the nucleus is active (Jenniskens,
2006). According to observations of comet Halley by the Gioto spacecraft, only 20%
of the total surface area was active and responsible for pratting all of the observed
cometary activity. So this modi cation that only part of the surface of the comet ejects

meteoroids is one of the main advantages of Crifo's model.

2.3 Meteoroid Dynamical Evolution

The comet is closest to the Sun, and experiences maximum heaind radiation, during

perihelion. So the majority of the meteoroids are ejected dting perihelion passage,
rather than in the outer solar system where most of the sublination ceases due to
the low temperatures. Since the ejection velocity is neglidple compared to a comet's
orbital velocity near perihelion, the ejected meteoroids nove along a similar orbit to

that of the parent comet. The evolution of the meteoroid has keen widely studied
(eg. Williams et al. (1979); Williams (1996); Asher (1999)) Once the meteoroids are

ejected, gravitational and non-gravitational forces act upon them.

The gravitational force Fg between two bodies of mas$1,; and M, at a distance of




2.3 Meteoroid Dynamical Evolution 14

r apart where G is the gravitational constant (6.672 x 10 2 m3 kg s 2) is shown by:

M1:M2

Fc = G (2 (25)

The gravitational force of the Sun (My) is the major force acting on these meteoroids.
But they are also a ected by the gravity of other planets, moons and other large solar

system bodies if these are physically close to the meteoraid

Yarkovsky force

low radiatnve

Ernission
- hh b
Velocity "~ solar
radiation
3 pressure

spin Et

Poynting—Robertson

force
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Ao ;
“.' .__-" I .\I ,‘I -\.II
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Sun radiation ermission

Figure 2.2 : Non-gravitational forces acting on a meteoroid. Source: Wubaillon et al.
(2005)

Figure 2.2 shows the non-gravitational forces acting on a meoroid. The solar
radiation pressure is due to the momentum of solar radiationwhich can be calculated
by knowing the position, the dimension and the composition ¢ the meteoroid. The
e ect of radiation on a meteoroid is the change in orbital enegy and momentum, thus

changing the temperature and the orbital path or velocity respectively.

The Poynting-Robertson e ect is a solar radiation driven process, which acts op-
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posite to the meteoroid's velocity vector, and causes a dusgrain in the solar system
to slowly spiral inwards due to dissipation of orbital energy. The absorption and re-
emission of the radiation causes a small force against the miction of the movement of
a meteoroid. In the rest frame of the Sun, the dust absorbs Suight in the radial direc-

tion, thus the grain's angular momentum remains unchanged. But thermal radiation

is emitted more strongly in forward direction due to the Doppler e ect which causes
the particle to lose orbital momentum. This momentum loss pe unit time is known as

the Poynting-Robertson force.

The Yarkovsky e ect is due to di erences in the radiative emission at di erent parts
of a spinning meteoroid. The part of the meteoroid facing theSun is heated more than
the side facing away. So when the meteoroid rotates, the radiive emission occurs at
an angle, and has a component perpendicular to the radial dection to the Sun. This

causes an anisotropic emission of the thermal photons.

The e ect of the Yarkovsky force is small, mostly a ecting meteoroids between 10
cm to 10 km in diameter. The Poynting-Robertson e ect is more prominent for smaller
particles of size 1 cm. Non gravitational forces on small particles in the sola system
are discussed in Burns et al. (1979). In general, the non graational forces experienced

by a meteoroid mainly depend on its size, velocity, positionas well as composition.

Meteoroids ejected from a comet become dispersed in time. @ire 2.3 shows the
lag of Leonid meteoroids ejected from parent comet 55P/Templ-Tuttle (Asher, 2000).
Because radiation pressure causes the orbital period of mebroids to increase, the
majority of the meteoroids are lagging behind the parent conet, while some meteoroids
are ahead of the comet. In the gure, the number of revolutiors since ejection is
shown on the Y-axis (1 revolution for comet 55P/Tempel-Tuttle is equivalent to 33
years). It can be observed that the meteoroid cloud is denseral compact during the 15
revolution, progressively spreading out. With time, the meteoroids spread out and incur
large di erences in their orbital paths compared to that of their parent comet. The

meteoroids from long period comets spread out considerablin just 1 2 revolutions,




2.3 Meteoroid Dynamical Evolution 16

Position
of comet

Ahead of comet l Behind comet

T T T T ‘ T T T
I LUl 1
0
| (R | | 2 5
[ A R R e A 3 [
o
<C
[ R | 4
1 Il 1 1 1 ‘ 1 1 1
4 =2 0 2 4

Time lag (years)

Figure 2.3 : Time o set of Leonid meteoroids ahead of and behind parent omet 55
P/Tempel-Tuttle. Source: Asher (2000)

and so it is harder to identify the parents of these dispersedneteoroids (Steel & Elford,

1986).

Even though the forces that govern the dynamical evolution & meteoroids are well
understood, tracking a meteoroid over time is a complex isse. The ejection of mete-
oroids from the comet at each revolution changes the distrilntion of the dust. Figure 2.4
shows a model of the Geminid meteor stream by Ryabova (2001)The Earth's orbit
is shown by the single solid curve while the Geminid meteora stream, 2000 years
after generation, is shown as dots from four di erent viewpants. The mean orbit of
3200 Phaethon, parent of the Geminid meteoroid stream, is stwn by the thick black
curve. It is possible for some of the meteoroids to have veryidrent orbits compared
to that of their parent objects, and the meteoroid stream to undergo physical changes

depending on the forces acting on them.

Meteoroids orbit the Sun in elliptical orbits. Meteoroids in hyperbolic orbits have

Su cient energy to escape and are not bound to the Sun. Since he majority of comets
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Figure 2.4 : Shape of Geminid meteoroid stream. Source: Ryabova (2001)

have elliptical orbits, and the meteoroids ejected have sirtar orbits to that of parent

objects, meteoroid streams have elliptical orbits.

The velocity required to escape the Sun's gravity is given by

r

2GMg
r

(2.6)

Vesc =

where G is the gravitational constant, M is the mass of the Sun (1.989 x 1¥ kg)
and r is the distance from the Sun in Astronomical Units (1 AU = 1.496 x 16* m). So
the maximum velocity of a meteoroid in an elliptical orbit is its escape velocity Vesc,

about 42 km s 1 at 1 AU. The force on a body in a circular orbit is shown by:

M 2
= TV 2.7)

I:circ: -

Using Egs. 2.5 and 2.7, the velocity of the Earth in a circularorbit around the Sun

is about 30 km s 1 given by:

r

GMs vV,

SC
r 2

(2.8)

Vcire: =

The maximum velocity with which a meteoroid can enter Earth's atmosphere is thus
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72 km s 1. On the other hand, the minimum velocity with which a meteoroid can
enter Earth's atmosphere is its escape velocity from Earths gravitational eld, and that
is 11.2 km s * calculated from Eq. 2.6 where M is replaced by the mass of the Earth
Me (5.98 x 10 kg) and r is replaced by the distance between the centre of the Earth
and the top of the Earth's atmosphere. The meteor velocity dgpends on the velocity of
the meteoroid and the encounter geometry, and it ranges beteen the above calculated

lower and upper bounds.

2.4 Observational Methods

2.4.1 Visual

The earliest method for meteor observation is the visual metod. The observer scans
the sky with the unaided eye, noting down meteors on gnomic orny other kind of
star maps. Generally, the starting and the ending point of the meteor, the rate count
(number of meteors per hour), direction, brightness, colou, and any unusual behaviour
are recorded. The positions are recorded with the aid of know stars in the vicinity of
the meteors. The drawback of the visual method is the low preision of the location
and magnitude of recorded meteors, and the unreliability ofcounts during intervals of
exceptionally high rates. Due to the large uncertainty in the position of the meteor,
reliable orbits cannot be computed. There are many groups ofimateur astronomers

who contribute to meteor astronomy using this method (Jennskens, 1994).

2.4.2 Photographic

The photographic method for reporting meteors was develope during the nineteenth
century. The main advantage of the photographic method is tre precision in the position
and the brightness of the meteor compared to the visual methd. Most of the detailed

knowledge of meteor radiation, motion, and ablation in the amosphere originates from
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meteor photographs. A summary of developments in the photogaphic method can be

found in Ceplecha et al. (1998).

2.4.3 Radio

Radio and radar techniques are di erent from the previous two techniques in meteor
stream detection. The radar method uses both radio wave trasmitter and receiver,
while the radio method uses only a receiver and a TV or radio sition acting as trans-
mitter. The meteor creates an ionisation trail while ablating in the atmosphere due
to interaction with the air molecules. Radio waves are re eded by the ionisation trail

and are measured by the receiver. Although the number of metas can be accurately
recorded, more e ort is usually needed to extract accurate mformation from the radio

data. A summary of various groups active in radio meteor studes is given by (Baggaley,

1995; Wislez, 2007).

2.4.4 Video

Video observation is the youngest and one of the most advancdemeteor detection tech-
niques. The positional accuracy of data derived from a videas higher than the visual
method, and a greater number of meteors are captured compadeto the photographic
method. It is possible to obtain meteor light curves and spetra in addition to time,

position, brightness, radiant, and velocity.

Video observation grew rapidly in interest among meteor graips during the early
1990s. At that time, most of the video tape analysis had to be @dne manually because
only XT personal computers and rudimentary frame grabber cads were available. A
major breakthrough occurred in the mid-1990s, when image itensi ers became cheap
enough to be a ordable by a larger group of amateurs (Molau & Ntschke, 1996). A

good review of the development of video meteor observations given by Molau et al.
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(1997); Molau & Gural (2005).

Currently, there are approximately 40 video systems operatd by amateur astronomers
and a number of automatic meteor detection and analysis packges. For more informa-
tion about di erent groups and organisations working in meteor astronomy readers are

advised to look at the International Meteor Organisation IM O website (www.imo.net).

2.5 Software Packages for Meteor Data Analysis

Meteor analysis software can be grouped in two categoriesa] the detection of meteors
in real time and (b) the post-detection analysis. There are bur other software tools
available, namelyMetRec , Meteorscan , Astro Record and the UFO Capture tool
set. They all have their advantages and disadvantages. A sumary and comparison of

these software packages can be found in Molau & Gural (2005).

1. Metrec (author: Sirko Molau) is a real-time meteor detection and aralysis soft-
ware. It does not support multi-station analysis. It is only compatible with the
"Meteor' or "Meteor II' frame grabber, and under MSDOS and Windows 95/98

exclusively.

2. Meteorscan (author: Peter Gural) is also a real-time meteor detection and anal-
ysis software package adapted to ground and airborne obseing conditions. The
real time version runs under the Mac operating system while he o ine version

runs under Windows 95 or later. It does not perform multi-station analysis.

3. The Astro Record (author: Marc delLignie) program is suitable for making
positional measurements of celestial objects including meors and obtaining po-
sitional information on reference stars. However it is not eal time and does not

support multi-station analysis. It works under Windows 95 or later revisions.

4. The UFO Capture  (author: SonotaCo) tool set consists of di erent sub-packaes.

UFO Capture, as the name implies, deals with detecting moving objects irreal
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time. UFO Analyser classi es the detected objects with regards to brightnesssize
and duration. It also superimposes a sky map manually until abest tis obtained,
at which point parameters for astrometry and photometry may also be computed.
The output from UFO Analyser can be used by another programUFO Orbit, for
multi-station analysis. This program works under Windows 2000/XP/ME. The
source code of this software is not readily available, and ths modi cation to the

software cannot be made to suit di erent requirements.

Apart from these, there are few specic software packages ailable. Meteor44
(Swift et al., 2004) is used for photometry of video meteors. Falling Star (Kozak,

2008) is used for processing TV meteor data.

None of the existing packages make use of the routines and ath software aids (such
as IDL library, AstroLib, SPICE etc.) available to the profe ssional astronomy commu-
nity. Most of these software packages are tailored for theirspeci ¢ data (meteors),
and thus only work under certain constraints. The source coé, user manual, and the

references to the methods used are not available in many case

With the growing number of meteor stations and large quantity of unreduced me-
teor videos, a software package that can analyse multiple nieors automatically and
e ciently is required. It is also necessary to produce accuate results with a minimum

amount of input.

There is clearly a lack of software that is independent of camarashoptics and the
operating system. There is a need for a single software pacge that can analyse
meteors regardless of the formats of the videos and the imageand a software package
which can be modi ed easily to suit speci ¢ users and implemat methods. This work

aims to provide such package.




Chapter 3

The Armagh Observatory Meteor

Cameras

3.1 Meteor Camera Cluster

Armagh Observatory installed a night sky monitoring system in July 2005 with the in-
tention to investigate particular aspects of meteor activity such as poorly studied show-
ers and reballs (Atreya & Christou, 2008). It consists of th ree Watec WAT 902DM2s
video cameras hereafter referred to as \Cam1", \Cam 2" and \Cam 3". Cam 1
has medium angle optics while Cam 2 and Cam 3 have wide angle optics. Cam 1
makes up a double station in combination with a similar camern (\Cam 4") set up in

Bangor, Northern Ireland, approximately 73 km ENE, by amateur astronomer Robert

Cobain.
ID Optics FOV Pixel FOV Azimuth  Altitude
Cam 1 f0.8,6.0mm 52 x35 0.08 x0.07 60 60
Cam 2 f0.8,3.8mm 90x55 0.14 x0.11 150 60
Cam 3 f0.8,3.8 mm 90x55 0.14 x0.11 330 60
Cam 4 f0.8,6.0mm 52 x55 0.07 x0.06 250 60

Table 3.1 : Speci cations of cameras used in Irish double station netark.

22
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The description of the cameras and the optical systems are slwn in Table 3.1. The
technical speci cations of the Watec CCD and the optics are $iown in Appendix A.
It is important to emphasise again that the CCD used here are 6 far inferior quality
compared to the ones used within the professional astronoroal community. The eld-
of-view of Liverpool RATcam Telescope? is only 0.135 arcsec/pixel, compared to 300
arcsec/pixel of Cam 1. The read noise of the RATcam CCD is< 5 electrons, whereas

the signal-to-noise ratio is 52 db for the Watec CCD.

The exact locations of the stations are given in Table 3.2. Tle three cameras at
Armagh Observatory (Cam 1, Cam 2 & Cam 3) are pointed at 60 altitude, and
at azimuths of 60, 150 and 330 respectively, covering altogether 45% of the sky.
Cam 4 is pointed at 60 altitude and at azimuth of 250 . Even though Cam 1 and
Cam 4 are optimised for observing the same volume of sky, Cam2 and Cam 3 can
also observe some double station meteors, especially longi@dtion meteors, due to sky

coverage overlap between the three cameras.

Location Latitude Longitude Altitude Camera

Armagh 6 38"59° W 54 21M11° N 65 m Cam 1, Cam 2, Cam 3
Bangor 537M28 W 54 39"08 N 30 m Cam 4

Table 3.2 : Location of the meteor stations.

The three cameras are xed rmly on the roof of Armagh Observatory as shown
in Fig. 3.1. The cameras are encased in standard security cagna housings to protect
them against weather and other hazards. Three separate vide to USB interfaces
and USB boards connect the cameras to a PC running Windows XP Rb. The PC
clock is synchronised hourly with the atomic time broadcaston the Internet through
the \NIST time" software application. The controlling soft ware used wadJFO Capture
V1.0 , upgraded to V2.0 in 15" July 2007. Cam 4 usedUFO capture V2.0 since the

beginning.

Each video captured, whether containing a meteor or not, is \sually inspected on a

Swww.telescope.livim.ac.uk
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Figure 3.1 : Camera setup at Armagh Observatory.
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Figure 3.2 : Weather records at Armagh Observatory

daily basis. The start=end time of the observation, the number of singledouble station
meteors detected and the hourly weather conditions are therrecorded in a log le.
Hourly weather is classi ed as \clear" (if 90+% of the eld of view is clear), \partly

cloudy" (if 10+% of the eld of view is clear and at least one star is visible) and
\cloudy" (if less than 10% of the eld of view is clear or there are no stars visible). The
percentage of the cloud cover per hour is estimated by eye fro all videos captured
through the night. The total number of clear hours per day is calculated as the sum of

the number of clear hours and half the number of partly cloudyhours.

3.2 Meteor and Weather Records

Figure 3.2 shows the weather record from Jul'05 until Dec'06 with the bold (red) line
showing the total number of hours of operation and the dashedblue) line showing

the total number of hours of clear sky. The cameras operated 31 hrs/month ( 4.36
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Meteor detected at Armagh Observatory
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Figure 3.3 : Meteors detected by Cam 1, Cam 2and Cam 3 at Armagh Observatory

hrs/day) during Jun'06 and Jul'06, due to the short duration of the summer night.
The operational hours of cameras then increased graduallyteaching a maximum of
458 hrs/month ( 14.7 hrs/day) during Dec'05. The total number of operational hours
is 5168, which is 9.44 hours/day.

However, the total number of clear hours does not follow a sinhar distribution
compared to that of total hours of operation. During the summer month of Jun'06,
the total number of clear hours is 69; about half of the total hours of operation are
clear. During Dec'05, where the total number of hours of opeation is three times
compared to Jun'06, the total humber of clear hours is 115, oly twice compared to

Jun'06. November has the most number of clear hours.

Figure 3.3 shows the distribution of meteors recorded by theéhree cameras Cam 1
(bold black line), Cam 2 (long dashed blue line) and Cam 3 (short dashed pink line).

The total number of meteors captured by Cam 1, Cam 2, and Cam 3 are 1210, 886,




3.2 Meteor and Weather Records 27
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Figure 3.4 : Total and double station meteors observed.

and 837 respectively from % Jul'05 until 315t Jan'07. The meteor count recorded by
Cam 1 is slightly higher compared with the other two cameras. The eld of view of

Cam 2 and Cam 3 is larger and covers a greater volume of sky compared to Caml,

but still recorded fewer meteors. One interpretation of this result is that the wide angle
units have a lower limiting magnitude, such that Cam 1 can detect fainter meteors
compared to Cam 2 and Cam 3. As the three cameras are directed at di erent parts
of the sky, separated by 90 from each other in azimuth, an alternative explanation is
that perhaps meteor activity is not homogeneous in all the pats of the sky, and there
were more meteors in the region of sky covered by Caml compared to that of the

other two cameras.

Figure 3.4 shows the total number of meteors (bold red line) ad double station
meteors (blue dashed line). During the period Feb'06 Jun'06 only 60 meteors/month
were observed, with the exception of April'06 (due to the conribution from the Lyrids).

Meteor activity was high during the winter months with the hi ghest achieved of 249
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meteors during Nov'06. The double station meteor count show a similar trend. The
two maxima for double station meteors, 63 and 53, were obseed during Nov'05 and

Nov'06 respectively.

The trend of the number of meteors captured increasing in witer months and de-
creasing rapidly during summer months is predominant. One bthe reasons is that
most of the major showers occur between the period Jul. and De The sporadic rates
are 3 times higher during these months compared to the months beteen Jan Jun
(Schmude, 1998). The number of clear hours of operation dunig the summer months

(Feb  Jul) is about one third compared to the winter months (Aug  Jan).

During the rst 18 months, each camera was operated for 5100 hours of observa-
tion. Out of these, 1883 hours, which is a third of the total observational period, were
clear. 2425 single station meteors were recorded in total, & of those being double
station. 212 of the double station meteors were captured bywo or more cameras from
the Armagh cluster. In the year 2006, there were 1492 singletation and 333 double
station meteors observed. The number of meteors recorded ke rst Irish double sta-
tion network is a very positive result, taking into account t he notorious unpredictable

Irish weather.




Chapter 4

SPARVM - Meteor Detection

4.1 Introduction

SPARVM is an acronym for Software for Photometric and A strometric R eduction
of Video M eteors. It features the reduction of double station meteorsand the compu-
tation of their orbital elements. It is written in IDL (Inter active Data Language) and
runs on a UNIX operating system. The primary objective of the software is to reduce

and analyse meteor videos from the Armagh Observatory MeteoDatabase (AOMD).

The primary input for the software are the video les recorded by the UFO-Capture
software. The frames are extracted from the video and conveéed into .FITS format
suitable for IDL. The date and time are extracted by reading the stamped digits on the
individual frames. The position and ux of a meteor are computed from each frame
using standard centroiding. The stellar sources in the franes are used to calculate astro-
metric and photometric transformation parameters. These ransformation parameters
are then used to convert meteor positions from an image cooidate system to an equa-
torial coordinate system (Right Ascension (R.A.) and Declination (Dec.) pairs), and
from light uxes to visual magnitudes. If a meteor is recorded by two stations, then

the meteor is used for double station reduction and computaion of orbital elements.

29
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Figure 4.1 : Flowchart of the SPARVM software

The owchart of the software is shown in Fig. 4.1 and each modue will be discussed in

detail in the next chapters/sections.

The software was written following two major guidelines: (i) full automation and
(i) modular functionality. Full automation is necessary as the Armagh Observatory
Meteor Database (AOMD) contains more than 6000 meteor vides captured before 31

Dec. 2007, and it is thus not possible to analyse each of them amually.
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The software is divided into seven dierent modules as shownin Fig. 4.1. The
results from each module are saved in text les, apart from the rst module where the
results are saved in a FITS format. The results from these tek les, instead of the
video frames, are used by the successive modules, thus magithe software run quicker.
The results of the individual modules can also be inspected anually by reading the
text les. The modules can be used independently, and importexport the results
obtained from/to other software packages. For example, if he meteors are analysed
with a software package such asVietrec, the orbital elements of these meteors can be

computed using the double station and orbital element modué of SPARVM.

SPARVM contains more than 50 routines (written by the author) containing more
than 3000 lines of code in total. SPARVM also uses more than 1®routines already
available to the scienti c community such as from ASTROLIB 10 (The IDL Astronomy
User's Library) and SPICE 1. SPARVM is a complex piece of software, and it is beyond
the scope of this thesis to describe each and every routine idetail. Only the major
routines, and especially those written by the author, will be discussed in detail in this

thesis.

4.2 Video to FITS

UFO-Capture software stores the video for each meteor in AVI format. Mplayer 2 is
used to extract the frames from the videos as a PNG image le. Nplayer is a movie
player for (mainly) Linux and plays formats such as MPEG/VOB , AVI, ASF/\WMA/WMV
supported by many codecs. Mplayer can extract the frames in derent formats such as
JPEG and GIF, but PNG was chosen because it is a bitmap image fonat that employs
lossless data compression. The PNG images are then convedteto FITS format using

the \convert" command from Imagemagick 3.

O http:/fidlastro.gsfc.nasa.gov/

Y http://naif.jpl.nasa.gov/naiffindex.html

12 http://www.mplayerhq.hu/design7/news.html|
13 http://www.imagemagick.org/script/index.php
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Each meteor has its own folder where the videos and their coasponding frames are
stored. All the results pertaining to a speci ¢ video are staed in their own folder. All
these commands are integrated in a Perl routin&* for automatic extraction of large

numbers of video les.

4.3 Extraction of Numbers

UFO-Capture stamps date, time, frame number and other reference informigon at the
bottom of every frame. The date and time are taken from the conputer clock which is
synchronised hourly with the atomic time broadcast on the Internet through the \NIST
time" software application. Extraction of the date/time is necessary for the astrometric
transformation of the star and meteor position from image cardinate to the equatorial

coordinate systems.

20070724 00:48:49.145 0003 00073

c105 1205 0O4:40:33 ik,

01 AGep 2007 102959200 (LTY 0033 00035

Figure 4.2 : Examples of superimposed numbers. The rst from Armagh Obgrvatory
UFO-Capture V2.0, second from Armagh Observatory UFO-Capture V1.0 and third
from Bangor UFO-Capture V2.0.

A few general examples for the stamps are shown in Fig. 4.2. Thformat, size,
position and the content of the stamped numbers can vary depeding on the settings
in UFO-Capture. The rst and third stamp are an example of the stamps from UFO-
Capture V2.0 while the second stamp is fromV1.0. This can also be seen from the
precision of the time stamp, which is only up to seconds folJFO-Capture V1.0 and
up to milliseconds for UFO-Capture V2.0. The stamps are dierent in (i) format of

the date used (2007/07/24 and 01/Sep/2007), (ii) format of the time (00:48:49.145 and

14 compiled by Subash Atreya
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04:40:33), and (iii) size of the numbers (the third stamp is snaller than the other two).

Cistinguishing Numbers
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Figure 4.3 : The sum of the columns for the numbers “2',°0',°0',’5',"1and "2'.

How can we distinguish these numbers inscribed on the frameaccurately? The
pixel values are in units of ADU (Analog to Digital Unit), whi ch vary from 0 to 255
(for 8 bit image) depending on their brightness, 0 correspoding to \black" and 255
for \bright". The pixel values for a certain number or letter are similar, but dier
from those in other numbers or letters. For example, the pixévalues of the number "0’
would be similar throughout di erent videos and frames (if no changes are made in the
settings of UFO-Capture). The sum of the columns of pixels are plotted against the
row for the numbers "2',°0',°0',’5',"1" and "2' in Fig. 4.3,in order to compare the values
of the pixel sums within the stamped numbers. The aim is to idetify uniquely each
stamped number in terms of pixel values. There is close simatity between the shape

and size of the two "0's, but the "0's di er signi cantly from either °5', 2" or "1".
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One can use this property to di erentiate between stamped dgits. A template for
each number is stored as an array and associated with the nundy it represents. For
example, for the second stamp, an array of 10 x 16 pixels is sted corresponding to the
number “2'. Thus, a reference array is stored in a database fall the numbers between
0 and 9. To identify an unknown number, its array is matched with the reference

arrays.

Numbers | Dif-0 Dif-1 Dif-2 Dif-3 Dif-4 Dif-5 Dif-6 Dif-7 Dif-8 Dif-9

Zero 661 18100 9012 6336 15257 9894 4440 8900 4404

5431

One 17897 708 15098 14534 9257 16034 16084 17930 16392 15507

Two 9038 15145 459 8857 14092 11035 8945 11997 8981
Three 6460 14531 8591 707 15170 7841 4493 9009 2647
Four 15308 9421 14081 15179 440 11057 13221 16427 15281
Five 9999 16192 10918 7942 11149 480 6180 10962 8074
Six 4522 16115 9017 4487 13164 6087 667 12721 2451
Seven 8760 17627 11727 8889 16434 10943 12469705 10721

9898
3438
12530
6755
5362
8070

Eight 4451 16354 9032 2812 15155 7980 2548 10772568 3537
Nine 5502 15459 9885 3489 12408 6755 5321 8233 355386

Table 4.1 : Sum of the pixel di erence between numbers (Column 1) with reference
set of digits (Column 2-11)

Table 4.1 shows an example of this method where a new set of ndrars (0-9) are
matched with the stored numbers (0-9). The di erence betwe@ the numbers shown in
the rst column (new set) and the reference arrays are shownn the columns 2-11. In
the rst row for “zero', the minimum di erence is 661 with tha t of "Dif-0'. Similarly,
the last row for "nine' shows the minimum di erence with that of 'Dif-9". In this way,
any new numbers can be identi ed by using the minimum di erence with respect to the
stored set of arrays as a discriminator. This method is very obust because the second
lowest di erence is almost an order of magnitude greater tha the minimum di erence.
A similar method is used to di erentiate dates in letter form ats; such as 'Jan’, 'Feb’
where each month is taken as a unit rather than using its indivdual letters. A sample

array for each month is stored (12 in total) and matched accodingly.

This method of identifying numbers is integrated in a routine called "number.pro'

which can read all image les from a specied folder (normally generated from one
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video le) and generate the results in a simple ".TXT' le. It was successfully tested
(manually) for 10 video les, which generated about 800 imag les with a total of

25600 numbers.

4.4 Meteor Detection

The building blocks of a video are the frames which are still inages. In a 1 second
video (for PAL system) there are 25 frames and the time di erence between consecutive
frames is 0.04 seconds. The traditional way of capturing anmage is line by line, from
top to bottom, in what is known as a progressive scan. To reduce the bandwidth, it
is common to capture videos in theinterlaced format where only every second line is
read. Figure 4.4 shows how an individual \frame" is created n the interlaced format
(used by UFO-Capture) by combining two \elds". First the odd eld is scanned,
followed by the even eld. These two elds are then combined b form a single frame.

The time di erence between consecutive elds is 0.02 secorsd

Complete frame OddField EvenField

Figure 4.4 : A video frame is composed of an odd and an even eld. Source: raft

If an object moves very fast, it will lead to a small di erence in its position between
the odd eld and the even eld. This produces a \combing" e ect which is a series of
horizontal lines that look like the teeth of a hair comb. A similar e ect is produced by
fast moving meteors where the centre is di use and the meteoiis elongated with lines
at the edges. The brighter meteors have associated tails wbi also alters the shape of
the meteor source. Unlike stellar sources whose shape is gds de ne, meteors have a

wide range of shapes.
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The centre of a star can be calculated with sub-pixel accurag using methods such as
centroiding or Gaussian tting. A speci c radius or other sp eci ¢ parameter (dimension
of a box, FWHM, etc.) is used to compute the centroid of a stelar source. But since

meteors vary in shape and size, a modi ed version of these tboiques is necessary to

determine the centre of the meteors.

atr Feb 16, 2009 at 23:29:54

Figure 4.5 : Example of a frame with a bright meteor.

Figure 4.5 shows an example of a frame captured bYFO-Capture. The meteor is
visible in the centre of the frame. In the bottom of the frame, date and time are shown
as "2005 08 15' and "04 06 04' respectively. The number “002fnotes this was the 28
detection of the night, and "00051' denotes the frame number Only a few stars can
be identi ed in this frame because the signal to noise ratio § very low; the sampling
time is only 0.04 seconds. ldentifying the stellar sources iV be discussed in the next

chapter. This frame (and meteor) will be used as an example irthis section to show
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the process of computing the meteor position.

It is important to de ne a coordinate system before progressng further. The hori-
zontal direction of the frame is de ned as the \X-axis" and th e vertical direction as the
\Z-axis" (not Y-axis). This coordinate system is named Image coordinate system
The origin is de ned as the centre of the image. For an image 0640 x 480 pixels, the
origin would be at x = 320.0 and z = 240.0, and the x would range fom  320.0 to
+ 320.0. The size of the images captured at Armagh are 640 x 48fixels, but the size
of images from the Bangor station varies between 640 x 480, B2 578 and 768 x 578

pixels.

The rst step is to mask the stamped area at the bottom of the frame. UFO-Capture
stores 35 frames as a bu er (this can be changed iWFO-Capture settings) prior to any
detection. The rst 10 frames of this bu er with no meteors ar e averaged and used as
the background frame. Subtraction of the background frame fom each frame removes
any static background such as stellar sources, moonlight, red other \stable" artifacts

that do not change their position/brightness signi cantly in a fraction of a second.

The next stage is to determine the group of pixels that belongto the meteor. This
is done in two steps: the rst step estimates the size and brigtness of the meteor and
calculates various constraints. The second step uses thesmnstraints to accurately

identify the pixels that belong to the meteor.

Figure 4.6 shows the ADU values of the 500 brightest pixels. Te gradient of the
curve is small after the 100" pixel. These 100 pixels are assumed to be pixels possibly
belonging to the meteor for this initial step. An arbitrary n umber of 100 is chosen for
all the meteors from a manual inspection of the rst run, as the typical meteors have a
\size" of 20 60 pixels. These 100 brightest pixels are then grouped acading to their
location. The assumption made here is that if there is a ash o any transient artifacts
still remaining in the frame, then its size will be smaller than that of the meteor. This
means that the meteor will have the highest number of bright gxels compared to the

other artifacts. For this frame, 91/100 pixels belonged to the meteor. For the second
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Figure 4.6 : The 500 brightest pixels in the example frame.

run, the number of threshold pixels is increased to 150, if m@e than 90/100 pixels were
identi ed as meteor pixels. Similar changes in the threshall are applied if the number

of pixels identi ed as ‘meteor" is too low (less than 50/100)

Once the pixels belonging to the meteor are identi ed, a centoid (Cen) is calculated

using:

Cen= P21 (4.1)

where C and A denote the value and position of the pixels respectively, ad i refers
to the pixels identi ed as a meteor. The bright pixels a ect t he centre position of the

meteor more than the faint pixels. The ux is calculated using:

Flux = Ci (4.2)
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which is the sum of all the values of pixels belonging to the mior.

Figure 4.7 shows the pixels belonging to the meteoroid and & computed centre. In
this way, rather than de ning a radius, the number of pixels are de ned. This method
eliminates the di culty in determining the centroid for irr egularly shaped meteors, as
no information about the shape is used during the computatimal process. This process
might leave out faint pixels that belong to the meteor, as gas can be seen in Fig. 4.7.
The e ect of faint pixels in determining the meteor centre and ux is less signi cant

compared to that of the bright ones.
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Figure 4.7 . Centroid of a meteor source.

The criteria for detecting a meteor in a given frame are that () it has to be the
dominant source in the frame, (ii) only one meteor per frame an be detected and (iii)
the minimum number of pixels belonging to the meteor has to beggreater than 5. This

ensures that image artifacts, some of which are present eveafter the subtraction of
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the background, are not mistaken for meteors.
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Figure 4.8 : Meteor position in image coordinate system

The position of the brightest and biggest object in each frane is obtained, but the
meteors are recorded only in a fraction of the frames. The fdcthat meteors travel
in one direction, and that their positions are relatively close to each other in adjacent
frames, is used to di erentiate between meteors and non-medors. There needs to be a
meteor in a minimum of 3 frames for this process. The positiorof a meteor is shown

in Fig. 4.8 where the meteor is travelling from top to bottom.

A best t line (in Fig. 4.8) is used to generate the \path" of a m eteor in the image
coordinate system. This path is used as a constraint towardsorting out the pixels that
belong to the meteor. During the second run, only those pixed that are in the vicinity
of this \path" in the image are taken as pixels belonging to the meteor (including other

criteria mentioned in the rst run), thus reducing the proba bility of using bright pixels
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from other sources. After this stage, the image is analysedgain through the second
step. The major changes in the second step are the thresholdumber for the brightest

pixels and the equation of motion of the meteor.
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Figure 4.9 : Meteor positions after projected onto best t line.

The computed positions after the second step are projectedrio the best t line.
Figure 4.9 shows the meteor position projected onto the straght line. The projection
reduces uncertainties in the perpendicular direction to the motion of the meteor. How-
ever, if it is to be assumed that the centroiding method will produce equal amounts
of uncertainty in both the X and Z directions, then the uncertainty for the meteor

position along the direction of the meteor is the same as thaperpendicular to it.

The residuals of the position with the best-t line are plott ed against the frame
number in Fig. 4.10. The residuals are concentrated betweer 0.3 and 0.3 pixels.

A standard deviation (STD) for the residuals ( met) is computed using:
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Figure 4.10 : Position residuals for an individual meteor source

=t _— (xj  x)? 4.3)

For this case met = 0.23 pixels. The value of STD of the residuals is not the same
as the uncertainty in the position of the meteor, but just a way to estimate it. An
error of 1.0 + ¢ pixels is estimated as an error for the X and Z position of a metor.
A distribution plot for e for all the cameras will be shown in later chapters while
analysing the AOMD. It can be noted that a value of e less than 1.0 pixel is \good"
(as in the case of this meteor), whereas a value higher than 3ixels translates to a large
uncertainty in the position of the meteor, so that it should b e analysed again using a

di erent method.
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45 Time

An important parameter, other than the position of the meteor, is the time for that
particular position. There are two types of uncertainties in time: absolute and rela-
tive. Absolute uncertainty is a ected by the computer time b eing o set with respect
to real time, and the same meteor recorded at a di erent time o a di erent com-
puter/station. The computer running UFO-Capture software at Armagh Observatory
constantly updates its time through the Internet. The relat ive uncertainty ( ie between
meteor frames) is the uncertainty in time between each meased point. With video

technology, the time di erence between consecutive frames 40 milliseconds.

UFO-Capture V1.0 only records the time up to the precision of a second. So, it
would stamp 25 frames with the same time such as "04 40 43', theext 25 frames as "04
40 44" and so on. It is possible to identify the frames where tls change in the second
value would occur. So, from the point when this change in seguls occur, 0.04 seconds

could be added progressively to the next 25 frames.

Number of Frames change in second
Files 1st 2nd 3rd 4th 5th 6th 7th

Videol1| 12 18 19 19 20 11

Video2| 4 18 18 20 16

Video3| 1 18 19 20 19

Video4| 11 18 19 20 10

Video5| 7 18 18 20 18 20 11

Table 4.2 : Number of frames per second.

This method of dividing 25 frames into equal intervals of time is a robust method.
However, one assumption made is that there are exactly 25 fraes in each second.
Table 4.2 shows the number of frames in each second for ve derent videos. The
number of frames are counted in between the change in secondBor all counts, except
the rst and last, it is possible to nd the starting point and the ending point of a
second. Ignoring the rst and last value for each video, thee are only 18-20 frames

in 1 second. The frames are dropped by théJFO-Capture software for the following
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reason. All 3 cameras at Armagh Observatory are run by a singd computer which
does not have enough CPU power to capture all frames, and so drops some frames
randomly. However, only one camera in Bangor is run by a compier and thus there
are no frames dropped. Similarly, during various eld trip excursion, portable cameras

were operated by a single computer resulting in a total of 25Mfames in 1 second.

1o [T T T

10+ 1

Distance travelled by meteor [pix]
+

30 40 50 60 /0
Frame Number

Figure 4.11 : Distance travelled by meteor between adjacent frames

If some of the frames were randomly missing, one has to deterine if this is the case,
and the exact positions in tie of these missing frames. Therés no need to identify all
the dropped frames in the entire video, but only those frameswhere the meteor is

detected.

Figure 4.9 shows the position of the meteor in the image coolidate system. The
velocity of the meteor is relatively constant and thus the pasitions of the meteor in
each frame should be equally spaced apart. It can be seen thdhere are gaps (eg.

between the 10" and 11" position from bottom right) between adjacent frames, and
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the distance travelled by the meteor is not consistent. Thisis not due to the uncertainty

in determining the position of a meteor centre but due to dropped frames.

Figure 4.11 shows the dierence between the adjacent pointswith regard to the
frame number. There are clearly two clusterings in terms of @stance, one between 4.5
- 6.0 pixels and another between 10.0 - 13.0 pixels. It can baferred from this Figure
that this meteor travels 5 pixels/frame, and where the frames have been dropped
the distance between the frame is doubled to 11 pixels. There does exist a small
variability of 2 pixels due to the uncertainty in determining the exact centre of the

meteor.

In this way, we determine the position of the missing frame. Br example, from
Figs. 4.9 and 4.11, a frame has been dropped between the sedoand third point (or
between frame number 35 and 36). This method works accuratglif there are many
points from which to calculate statistically the most likel y velocity of the meteor. But
if a meteor is only detected in 3 5 frames, it is dicult to determine the distance

travelled by that meteor per frame.

The problem of identifying dropped frames is di erent for vi deos recorded byUFO-
Capture V2.0. Since the time stamp of these videos records millisecondgach frame
has a unique time assigned to it. The time di erence between djacent frames is shown
in Fig. 4.12 for a video captured by UFO-Capture V2.0. There are 4 distinct bands at
0.016 s, 0.031 s, 0.048 s and 0.062 s. This is confusing as ormuld expect only two
bands, one at 0.040 s and other at 0.80 s. The reason for thesebdnds is due to the
inability of UFO-Capture to properly stamp the time. There is a lag between the time
when the software accesses the computer clock and stamps it & frame. This causes
the time di erence to be 0.047 s rather than exactly 0.040 s, \ich is a lag of 0.008
s. To compensate for this lag, the software then stamps otheframes 0.008 s quicker,
thus only 0.031 s apart. Similarly when the frames are droppé, the di erence is 0.062
s, and to compensate for the lag, frames are stamped with a tim di erence of 0.031 s

and 0.016 s. However, the time di erence between the frame d.031 s does not follow
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Figure 4.12 : Time di erence between the adjacent frames

immediately after 0.047 s; the only constraint fact is that the total time at the end has
to add up. A similar plot from Cam 4 showed only two bands at 0.031 s and 0.047 s,

con rming that the other two bands are due to frame droppages

The conclusion from this gure is that even though UFO-Capture stamps time up
to milliseconds, its time accuracy cannot be taken at face vime. Secondly, if frames
are dropped, the time di erence between the adjacent frameswill be higher than 0.06
s. This way the missing frames can be identi ed. The time for ech frame are then
recalculated using the fact that the di erence between conscutive frame is 0.04 seconds,

and taking into account the dropped frames.

Figure 4.13 shows the ux of the meteor with the corrected time. The ux is
calculated using Eg. 4.2. This moduleMeteor Detection  computes the position of
the meteor in image coordinates (X,Z pixel), Time (ms.) and Hux (ADU) for a meteor.

The result is stored in a TXT le and can be read by a human or any other software.
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Figure 4.13 : Light curve of a meteor starting at ( 2005/08/15) 04.:06:035

The next step in the reduction process would be to transform heir position into a

standard sky coordinate system and convert the ux into a standard magnitude system.




Chapter 5

SPARVM - Astrometry and

Photometry

5.1 Coordinate Systems

Astrometry is the science of measuring the position of celéi®l objects in the sky.
There are mainly four types of standard Coordinate Systems CS) used to refer to the
position of an object, namely Horizontal CS, Equatorial CS, Ecliptic CS and Galactic
CS. SPARVM uses horizontal (HCS) and equatorial (ECS) as the sandard coordinate
systems, but can optionally display the results (output) in any of the other coordinate

systems.

Horizontal Coordinate System . Topocentric coordinate system in which the po-
sition of a body is described by its altitude and azimuth (Sedelmann, 1992a). Altitude
is the angular distance of a celestial body above or below thborizon, measured along
the great circles passing through the body and the zenith. Ammuth is the angular
distance measured clockwise along the horizon from a sped reference point (usually
North) to the intersection with the great circle drawn from t he zenith through the body

on the celestial sphere. Because the earth rotates on its axi the altitude and azimuth

48
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of celestial bodies are constantly changing.

Equatorial Coordinate System . Celestial coordinate system in which the posi-
tion of the body is described by its declination and right asension/hour angle (Seidel-
mann, 1992a). Declination is the angular distance on the celstial sphere north or south
of the celestial equator, measured along the hour circle paig through the celestial
object. Right ascension is the angular distance on the celéal sphere measured west-
ward along the celestial equator from the equinox to the hourcircle passing through the
celestial object as shown in Fig 5.1. Hour angle is the angutadistance on the celestial
sphere measured westward along the celestial equator fromhé meridian to the hour

circle that passes through a celestial object.

Observer's meridian

Star's apparent motion

Celestial equator

Celestial horizon

Figure 5.1 : Coordinate Systems. Source: Roy (2005)

Image Coordinate System : The image coordinate system (ICS) has been de ned
already in the previous chapter. The centre of the image is tken as the origin, the
rows (X-pixels) and the columns (Z-pixels) are de ned as theX-axis and the Z-axis
respectively. For an image of 640 x 480 pixels, the origin wdd be at (0.0, 0.0), X-
range=( 320.0, +320.0) and Z-range=( 240.0, +240.0) in pixel units. For a camera
with 52 x 35 eld of view capturing an image of 640 x 480 pixels, a pixel wold span

a eld of view of 0.08 and 0.07 along the X-axis and Z-axis respectively.
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Figure 5.2 : Transformation between Cartesian and spherical coordinte systems.

HCS are illustrated by Fig. 5.2 in the Cartesian CS. On the unt sphere, any point
P can be described by the two angles, azimuth4z:) and altitude (Alt: ). The transfor-

mation between the spherical @z:, Alt: ) and Cartesian (x;y; z) coordinates are shown

by:

X = coqAlt)coqAz)
y = cogAlt)sin(Az) (5.1)
z = sin(Alt)

The reverse operation of transforming Cartesian into spheical coordinates is shown

by:

h p i
Alt: = arctan z= x2+y2 (5.2)

Alz:

arctan [ y=x]
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5.2 Horizontal CS - Equatorial CS

The transformation from the HCS to the ECS can be divided into two main parts.
The rst part involves the rotation of a position in the HCS th rough an angle of [90
- latitude of the location ( )], followed by a rotation about the new vertical by 180 .

This transforms a vector in the HCS (x%y© 29 into the ECS (x%0y%2% as shown by:

2 0 13 2 0 13
XOO XO
EECS % yoogg =[Rz(180)[:[Ry( )]: §HCS %} yO0 E% (5.3)
200 20
2
1 O 0
R,(180) = E % (5.4)
2 3
sin 0 cos
Ry( )= g 0 1 o% (5.5)

cos O sin

The hour angle (HA) and Declination (Dec.) can be calculatedusing Eq. 5.2 by
replacing with HA and  with Dec. Right Ascension (R.A.) can be calculated from

the HA and the Local sidereal time (LST) using the relationship:

R:A: = LST HA (5.6)

This transformation is independent of the instrument used and depends on the
geometry of the coordinate systems, the location (longitu@) and the time. The trans-

formation and the Eqgs. 5.3 - 5.5 are described by Seidelmanrl992b).
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5.3 Formats of Time

Julian date (JD) is the interval of time in days since 4713 BC January 1, Greenwich
noon. For example, the Julian Day for 26" February, 2009 at noon is “2454889.0". This
number increases by "1' every 24 hours. It is an e cient datetime format to work
with since it combines the information from di erent parame ters of time and date such
as hour, day, month and year into one single number. The Julia date for year (Y),
month (M), day (D), hour (h), minutes (min) and seconds §eg in Gregorian calendar

(started after 1582 AD) is given by:

JD =1461 (Y +4800+(M 14)=12)=4+367 (M 2 12 (M 14)=12)=12+D

32075 3 (Y +4900+(M 14)=12)=100=4 + (h + min =60 + sec=3600)=24 (5.7)

Sidereal time is the measure of time de ned by the apparent dirnal motion of the
equinox, a measure of rotation of the Earth with respect to strs rather than the Sun.
One sidereal day is 23h 56min 04.090 sec. The local sidereaint can be calculated
from GST using the fact that the time decreases by 1 hour for egry increase of 15
degrees longitude west of the Greenwich line (Olongitude).The formula for converting

JD into Greenwich sidereal time (GST in seconds) with four costants C (Meeus, 1991)

is given by:
C = [280:46061837 360:98564736629 0:000387933 38710000]
t = (JD 2451545536525
GST = C[0]+C[1] t 36525+t%(C[2] t CI3]) (5.8)
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5.4 Corrections

There are basically four types of corrections used in the trasformation from the HCS

to ECS. These are precession, nutation, aberration and reéction.

The direction of the rotational axis of the Earth changes dueto the torque from the
gravitational forces of the Sun, the Moon and the planets on he Earth's equatorial
bulge. The ecliptic plane, the equatorial plane, and their ntersection (equinox), which
are used as reference planes and points respectively, aresalin motion. This causes
two types of motion. The smooth, long - period motion of the men pole of the equator
about the pole of the ecliptic , is known as precession, and f&a period of about
26,000 years. The short-period motion of the true pole aroud the mean pole with an

amplitude of 9%%and a period up to 18.6 years is called nutation.

Aberration is the apparent angular displacement of the obseved position of a ce-
lestial object from its geometric position, caused by the nite velocity of light in com-
bination with the motion of the observer and of the observed dject. The apparent
direction of a moving celestial object from a moving observeis not the same as the

geometric direction of the object from the observer at the sane instant.

Refraction is the change in direction of travel of a light ray as it passes through the
atmosphere, and the amount of refraction depends on the altude of the object and
the atmospheric conditions. Because of the bending of lightthe observed apparent

altitude of the celestial object is higher than its geometric true altitude.

Routines from ASTROLIB (HOR2EQ.PRO and EQ2HOR.PRO) used in SPARVM
to convert between ECS and HCS includes corrections for prexssion, nutation, aber-
ration and refraction. The corrections that are not included are the parallax e ect

(typically < 1 arcsec) and gravitational light de ection (typically mil li-arcsec).
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Figure 5.3 : Examples of (i) A single frame (ii) An averaged frame

5.5 Extracting stellar sources

Transformation from the ICS to either the HCS or ECS depends o the camera/optics,
location and time, among other factors. Transformation parameters are computed

using the positions of the stars in the image and in the sky cailogue.
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The rst step is to identify the stars in a video frame. Figure 5.3 (i) shows an
example of a video frame where few stars can be identi ed. Thesignal to noise ratio
(SNR) is very low, since the exposure time is only 0.04 secosd One way to increase
the SNR is by averaging the frames, which increases the SNR b?/ﬁ where N is the
number of frames. Figure 5.3 (ii) shows a average of thirty fames with a better SNR.
More stars (including the "W' of the Cassiopeia constellaton) can be readily identi ed
in this averaged frame whereas it remains elusive in the sirlg frame. These frames will

be used to demonstrate the transformation from ICS to HCS.

The stars are extracted from the averaged frame using routies adapted from DAOPHOT??
which are used by the professional astronomy community. Theexact positions of the
stars are extracted using the centroiding method. A radius $ speci ed around the
approximate centre for the star. Then an inner and outer cirde radius are speci ed to
compute the background. The median value of the pixels in thé region is taken as the

background value. The intensity of the star is computed usiry:

I'star = | star + background I background (5-9)

Centroiding is similar to nding the centre of mass of an object. Typically it is

accurate to a fraction (down to 0.2) of a pixel.

There were 38 stars extracted from this averaged frame. The g@sitions of these stars
are shown in Fig. 5.4. It is possible that some of these star pmtions be artifacts. The

method of separating possible artifacts from the stars is dicussed in the next section.

The median of the image gives an estimate of the background gnal which is 27.54
ADU. But the background might not be the same in all the parts of the image. For
example, there are some clouds in the lower right part of thisaveraged frame where
the background value would be higher. The mean background acuoputed using the

annulus method for 38 stars is 27.952.92. The small standard deviation (STD) of this

2 http://www.star.bris.ac.uk/  mbt/daophot/




5.5 Extracting stellar sources 56

300F
200F ) :% x -
100 £ L -
o OF ) ;
N i L X x
—100F ! — ]
—~200F -
CB00E
—400 —-200 O 200 400
X Pixel

Figure 5.4 : Star location extracted from the averaged frame.

guantity and its closeness to the median value of the image idicate that the method

for computing the background intensity is reliable.

The instrumental magnitude |y, is calculated from flux using the logarithmic

function shown by:

Imag = 2:5 logio(flux ) (5.10)

The Inag ranges from 3 (faint star) to 8 (bright star). These magnitudes need
to be transformed into a standard magnitude system and will ke discussed in the

Photometry section.
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5.6 Star Catalogues

SPARVM uses the IDL socket command to provide a positional gery of any catalogue
in the Vizier?! database available over the internet and return results in a IDL struc-
ture. While querying for the stars, an approximate position in ECS (R.A., Dec.) and
the width of the search area are required. Any Catalogue thatis listed in the Vizier

website can be queried, but for this particular case the Hip@arcos catalogue was used.

The Hipparcos catalogue is the primary product of the European Space Agency's
Hipparcos Satellite. The satellite, which operated for fou years, returned high quality
astrometry from November 1989 to March 1993. The readers aradvised to refer to

ESA (1997) for further detail of the Hipparcos catalogue.

The Hipparcos catalogue contains 118,218 stars and is congie t0 Viag = 7.3.
The positional accuracies are of 1 to 3mas in the optical at epoch 1991.25. Typical
positional errors at a 2005 epoch are around 1%nas Hipparcos also contains broad
band visual photometric data including variability inform ation. For the brighter stars,

this is in the 1 - 2 milli magnitude range.

The Hipparcos catalogue is also stored o ine to retrieve information quickly for cal-
culation. There is also an option to retrieve stars from the Hpparcos online catalogue,
if a need arises. It is possible to retrieve additional infomation, such as photometric

magnitudes in di erent bands, from other catalogues.

5.7 Determination of astrometric transformation param-

eters

The camera orientations in the ECS change with time. So a trasformation parameter
computed from a meteor video between these two CS only worksof that particular

meteor. But the cameras are xed in the HCS, and once the camex orientations in

2 http:/ivizier.u-strasbg.fr/
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HCS are computed, it can be used for other meteor videos.

The extraction of the stars from the averaged frame providegositional information
in ICS (X, Z pixel). The star catalogues provide positions in ECS (R.A., Dec). The
star positions from the catalogue are converted into HCS, ad referred to hereafter with

catalogue values.

Matching the position of the stars in the ICS and the HCS is a canbination of
a manual and an automatic process. The manual process matchethrough visual
inspection the position of some of the stars in the frame withthose from the HCS by
displaying the stars in XEphem??, Starlink Gaia?® or similar software packages. At
least more than 10 stars should be matched for a robust transirmation. An array of
records (of X-pixel, Z-pixel, Azimuth, Altitude) for a list of stars is generated. The
automatic process uses this list to calculate approximate tansformation parameters.
Using these parameters, all the star position from the ICS ad the HCS are matched
to calculate the nal set of transformation parameters. The manual process has to be
repeated only if the camera orientation changes signi canly. For a stable station such
as the one in Armagh Observatory, only one manual transforméon proved adequate
for the period June 2005 until December 2007. SPARVM is thusdeally suited for xed

stations.

The transformation from the ICS to HCS is calculated using the method described
by Calabretta & Greisen (2002). The ICS are rst tangentially projected and then
spherically rotated using a reference point. The star that 5 closest to the centre of the
eld of view is taken as a reference star. After mapping the (D) image onto the (3D)
unit sphere, the projected image is rotated to match the podion of the reference star
in HCS. The position of the reference star in the ICS is denotd by CRPIX and in
HCS by CRV AL.

The nal information needed for transformation is the eld o f view of each pixels.

22 http://www.clearskyinstitute.com/xephem/
2 http://www.starlink.ac.uk/
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Once the ICS has been projected and then rotated to the HCS, iis necessary to know
the increment in degrees for a change in pixel in both X and Z diection. The three
stars closest to the centre of the eld of view are used to calglate the so called \CD
matrix". This is a 2 by 2 array which contain information abou t the pixel eld of view

of the individual pixel.

Star 2

dif
Y 2

|
|
|
"
.
"
E
xdrfl Xd;fz
Star 0

Figure 5.5 : Arrangement of three stars for computing the CD matrix

Figure 5.5 shows three stars in the ICS and the di erences beteen their positions
(X vt x 3t v 4y Similarly, the di erence in the HCS between the star posi-

tions are ( f'f , f'f , g'f , g'f

The CD matrix is computed using the following equations:

i
dif . dif . dif . dif
B= ;155 (5.11)
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2 .
X flf X glf 0
dif dif
Yl' Y, ! 0 (5.12)
x dif o xdf '
1 2
S=A'B (5.13)
2 3
S[0]; S[1
cp=§ O Stz (5.14)
S[2]; S[3]

The ICS and catalogue positions of 3 stars are used to solvenkarly for the eld of

view of each pixel. An example of theCD matrix is:

3

0:08937 0:00132
g £

CD = (5.15)

0:01227 0:07679

The rst term of the CD matrix gives the eld of view in the X-direction which
is 0.08937, and the last term gives the eld of view in Z direction which is 0.07679.
This is consistent with the fact that the camera used has a 52x 35 eld of view, and

the images are 640 x 480 pixels wide.

The CRPIX and CRV AL parameter show the position of the reference star in the

ICS and HCS respectively. An example for theCRV AL and CRPIX are:

CRPIX

1:45; 3546

CRVAL

61:555 59952 (5.16)
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The approximate pointing of this camera (Cam 1) in both azimuth and altitude is
60 . These three parameters CRV AL, CRPIX , CD) are su cient to transform a
point from the ICS to the HCS.

The elds of view of the pixels are not the same throughout theentire CCD surface
due to non-linearity e ects at the edges of the optics. Sinceonly three stars are used to
calculate the transformation parameters, a large uncertaity in the position of one star
would make the transformation parameter unusable. Thus ths method needs to be
complemented with a statistical approach which uses the pdtonal information from

all the stars to reduce the uncertainties even if some of thetars are mismatched.

All the catalogue star positions are transformed into the ICS using the above trans-
formation parameters. A 39 order polynomial which relates the catalogue position

(Xcat; Zcat:) in ICS to its observed position (meas:) in the ICS for N stars are given by:

X

Cx 1+ Xi+Zi+ XiZi+ XP+ Z2+ XiZP+ XPZi+ XF+ 28 (Xi)ear

; = Cz 1+ Xi+Zi+ XiZi+XP+ZF+ XiZ2+ X2Zi+ X3+ 28 (Z)car

(5.17)

The constants Cx and Cz are computed such that x and 7 are minimised
respectively. Stars with position residuals greater than 3 are discarded and the least
square method is applied again. If any of the discarded stardelongs to one of the
three main stars used to computeCD, CRV AL and CRPIX , then the entire process
is repeated by calculating a new value forCD, CRPI1X and CRV AL using only the
remaining stars. This process eliminates mismatched stardecause of their higher

residuals.

For the example frame used in this section, two stars were darded, and the posi-

tions of the remaining 33 stars were used to calculated the nwlinearity constants Cy




5.7 Determination of astrometric transformation paramete rs 62

and C; as:

Cx (6:696, 0:946 0:157 1:589 10 ° 3484 10 &; 1:196 10 °;

3095 10 /; 6885 10 8 3343 10 ’; 3:311 10 9 (5.18)

O
N
I

(0:357 0:001; 1:.009 1:232 10 ° 9:884 10 % 2:830 10 °;

4573 108 4312 107; 85670 108 3139 107)  (5.19)

The standard deviation of the residual for the tis 0.20 pixels. The 2" and 39 order
terms are small ranging from 10° to 10 8. This suggests that most of the linearity

correction is contained in the 2! order terms.

The rst three terms for Cx should be 0, 1 and 0, and forCz should be 0, 0 and 1,
if no corrections were required. But, in this example, a larg shift of +6.696 pixels and
other two linear terms varying from the ideal case shows thatthe transformation model
of CD, CRV AL and CRPIX was not ideal in the X direction. This could be due to a
large uncertainty in the X coordinates of the stars or the coresponding coordinate in
the HCS (discussed later on as well). The values ofz are better with only a shift of
+0.357 pixels, and the linear terms only di er in the third de cimal place with the ideal

case. This shows that the transformation in the Z direction was good.

The least square procedure is applied not only to correct foimage non-linearity,
but also to correct for uncertainties produced by theCD, CRPIX and CRV AL trans-
formations. For this reason, the T' constants computed from one video should not
be used with CD, CRPIX and CRV AL computed from another video, but all four

parameters estimated from the same t should always be useddgether.

The rate of change in altitude and azimuth as a function of X-position is shown in
Fig. 5.6. The azimuth changes signi cantly while while there is very little change in

the altitude. This shows that the X-axis of this particular c amera is basically parallel
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Figure 5.6 : Change in Azimuth and Altitude as a function of X pixel position.

to the azimuthal direction. Similarly, Fig. 5.7 shows the response of the azimuth and
altitude to a change in the Z direction. Azimuth shows very little change, an indication
that the Z-axis of the camera is parallel to the altitude. So,a large uncertainty over the
X direction would be more related to the uncertainty in azimuth than the altitude. If
the camera was tilted signi cantly, then a change in the X-axis would cause a change in
both azimuth and altitude. If the uncertainty is not the same in the X and Z direction,

this will result in di erent uncertainties for the azimuth a nd the altitude.

To test the accuracy and robustness of this transformation @mrameter, the position
of stars from 10 di erent videos were transformed into the HCS and matched with their
catalogue values. The mean and of the absolute di erences between the catalogue
and the computed values were computed. The date, time, numbreof stars used in the
video, mean absolute di erence in the azimuth with STD and mean absolute di erence

in the altitude with are shown in Table 8.1. The videos span a period of 2 days
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Figure 5.7 : Change in Azimuth and Altitude as a function of Z pixel position.

and it can be assumed that the camera did not move during this griod. The mean
and are shown in arc minutes, where 1 pixel for these videos corsponds to about
5 arc minutes. The transformation parameters are computed fom the rst video

(2005/08/14 00:10:54) and used for the rest of the videos.

The result shows that the typical accuracy of this set of transformation parameters
is 2.2 3.6 arc minutes for the azimuth and 1.4 2.6 arcmin for the altitude. The
accuracy in altitude seems better than that of the azimuth, which re ects the fact
that the transformation parameters do a better job in the Z direction than in the X
direction. Comparing the rst 3 parameters in Eg. 5.19 again we see thatCz is much
closer to the ideal values and is o set only by +0.357 pixel conpared to +6.69 pixels
for Cx . Nonetheless, sub pixel accuracy is achieved for this trafigrmation from the

ICS to the HCS.

It is important to check if the transformation is homogeneous over the entire eld of
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Date Time Number of Mean Az. Mean Alt.
YR/MN/DY HR:MIN:SEC Stars arc min. arc. min
2005/08/14 00:10:54 35 20 26 04 04
2005/08/14 01:19:52 32 3.2 35 14 14
2005/08/14 01:37:29 31 22 21 14 23
2005/08/14 01:38:14 31 35 31 1.7 2.8
2005/08/14 01:44:05 37 22 2.8 1.2 1.0
2005/08/14 22:41:20 35 3.0 35 14 23
2005/08/15 01:11:44 35 2.8 3.6 1.7 2.3
2005/08/15 01:29:55 35 23 2.2 16 2.6
2005/08/15 01:37:32 38 26 29 1.2 1.0
2005/08/15 04:06:05 32 3.6 53 26 2.1

Table 5.1 : The mean Az. and Alt. for 10 videos using a single set of tra nsformation
parameters.

view of the image. The non-linearity of the optics has been cgected by a third order
polynomial. Figure 5.8 shows the dierence in the measured ad catalogue values
in ICS for the particular case of the meteor (2005/08/14 01:8:14). The size of the
uncertainties has beermagni ed 10 times  for clarity. Comparatively large di erences
are seen around the edges, where distance from the origin ifné X direction is greater
than 180 pixels. The right side of the image where three starshow large di erences
suggest that the transformation parameters for this regionhave large uncertainties.
One possible explanation could be that there were inadequat stars from this area in
the image to compute the transformation parameter. In addition, these stars could
have large uncertainties in their position in the ICS and the HCS. The star at ( 200,
200) also has large uncertainties and lies among two other ats that show smaller

positional uncertainty. This is probably a case of star misnatch.

Figure 5.9 shows the distribution of the uncertainties in the HCS. Again, the size
of the uncertainties has beenmagni ed 10 times for clarity. Even though the stars
at the edges have more di erences, there is no strict patternvisible. The star at the

lower left with large uncertainty is the mismatched star.

Such plots can be used to visually identify the astrometric pecision of the meteor

coordinates. If the meteor is passing through the centre oflie image, then sub-pixel
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Figure 5.8 : X and Z dierences in ICS. The errors are magni ed by 10 tim es.

precision of the astrometric transformation can be con dertly ensured, whereas if it is
passing through regions with larger uncertainties, then the astrometric transformation

would have a higher uncertainty compared to that at the centre of the image.

The of the residuals of the polynomial t, Eq. 5.17, is used to asess the uncer-
tainty in the astrometric transformation. For this example , the of the residual, called
hereafter 4510, Was merely 0.20 pixel, and resulted in sub-pixel accuracyofr a further
nine videos. The cameras at Armagh Observatory are xed, andso the astrometric
parameters from one video can be used for other videos (withia certain time period)
which contain either clouds or too few stars to compute the tansformation parameters
accurately. asyro and the number of stars used to compute the transformation paam-
eters are used to assess the robustness of the t. This will béurther described in the

chapter dealing with the analysis of the AOMD.
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Figure 5.9 : Az. and Alt. dierences in HCS.The errors are magnied by 10 times.

5.8 Photometry

Photometry is the measurement of the light ux (or intensity ) of celestial source. The
brightness of an object is measured in ux (ADU) and magnitudes. There are two kinds
of magnitudes: absolute and apparent. The absolute magnitde is the magnitude of
an object corrected to a reference distance, whereas the appent magnitude is the
brightness as seen by the observer in the absence of the atnptgere. The magnitude
in this section refers to the apparent magnitude, except whee otherwise specied.
Photometry involves computing the brightness of sources irthe images, and converting

them to a standard magnitude system.

Computation of the ux of the stars and the meteors has alread/ been discussed in

the previous chapter. The uxes are converted into an instrumental magnitude (I mag)
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using:

Imag = 2:5 logio(flux ) (5.20)

Previously, we saw how the positions of the stars from the imge were matched
with those in the catalogue. The magnitudes of the stars in the standard system
are also available through catalogues and can be related toheir magnitudes in their

instrumental system.
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Figure 5.10 : Standard UBVRI broad-band Iter response curves. Source: Kitt Peak
National Observatory

There are various magnitudes systems depending on the catajue used. SPARVM
uses the Hipparcos Catalogue, and the Johnson V magnitude igken as the standard.
The UBV Johnson system is a wide band photometric system for lassifying stars
according to their colours. This system is de ned such that the star  Lyr (Vega)
has V magnitude of 0.03 and all other colours, de ned as BV and U V, are equal to
zero. The V band ranges from 400 500 nm in wavelength with the peak response at
540 nm. The response curve of U, B, V, R and | bands are shown ini§. 5.10. The

bands are overlapped in various regions, so that for exampleransmission in both V
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and R band are observed at the wavelength of 600 nm (6008)

Instrumental Magnitude

N e

2 3 4 5
Johnson V Magnitude

Figure 5.11 : Instrumental magnitude vs Johnson V magnitude for the stars extracted
from the example frame.

Figure 5.11 shows the instrumental magnitude and the Johnsoe V magnitude of the
stars from the example video used in the Astrometry section. The line tted to the

data corresponds to

Vinag = 8:464 + 0:7275 | nag (5.21)

This equation can be used to transform instrumental magnitudes into standard
Johnson V magnitudes. In theory, a change inlnag should translate into an equal
change inVpmag, since both magnitude systems are logarithmic, and thus theslope of
the line should be near 1.0. The standard deviation of the reigluals, photo for this t

is 0.30 magnitudes which is good considering that this is a erde calibration with no
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other corrections made.

Some of the possible corrections are discussed in the nextcsi®ns. These corrections

are not included as the default option in SPARVM.

5.9 Spectral sensitivity
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Figure 5.12 : Spectral response of a typical CCD. Source: Romanishin

The spectral response of a CCD is di erent compared to that ofour eyes. A typical
response curve for a CCD is shown in Fig. 5.12. The responsenges from 400 - 700 nm
(with greater than 60% relative response) with a peak at 500 m. The exact spectral
response of the CCD used at Armagh Observatory is unknown andve have assumed
it to be similar to that of a typical CCD. The peak response of 500 nm of such a CCD

would match with that of the 540 nm of Johnson V band to rst ord er.

It is possible to use combinations of spectral bands, such ag, B and R band to
approximate the spectral response of the CCD. SPARVM has an ption to extract
stars from other catalogues, such adl/237 catalogue in Vizier, which contains the

magnitude in U, B, V, R, | bands for the stars. Figure 5.13 shovs the instrumental
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Figure 5.13 : Instrumental magnitude vs Johnson R magnitude for the stars extracted
from the example frame.

magnitude of the stars extracted from the example frame withJohnson R magnitude.
The peak transmission response of R lter is at the wavelengt of 658 nm. There are
fewer stars on this plot compared to Fig. 5.11 because R magtides ware not available
for all the stars. The standard deviation of the residuals inthis case is 0.53 mag which
is higher compared with that of the V magnitude. The smaller for the Vg tled

us to choose this magnitude system over others.

5.10 Atmospheric Extinction

Atmospheric extinction is the reduction in brightness of stellar objects as their photons
pass through Earth's atmosphere. The light from the stellar sources is absorbed by

water molecules and ozone and is scattered by aerosols. Ligls also refracted, with




5.10 Atmospheric Extinction 72

shorter wavelengths (blue) being refracted more than the lager ones (red).

Extinction and refraction depend on the amount of atmosphee the light travels
through before reaching the observer or the detector. The soalled airmass depends on
the location (height) of the observer and the zenith angle. f the airmass at the zenith

is taken as unity, then the airmass at a particular zenith ande is given by:

airmass = 1=cogzenith angle) (5.22)

Fig. 5.14 shows the airmass as a function of zenith angle. Lig from the stars travels
through 40 times more airmass at the horizon compared to at the zenith This causes
the star to appear fainter at the horizon compared to the samestar at the zenith. The

air-mass at 30 altitude (zenith=60 ) is 2.0, two times compared to that at the zenith.

o0

Airmass

20

O [ | |

O 20 40 o0 30 100
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Figure 5.14 : Airmass as a function of zenith angle.
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The e ect of extinction is about 0.28 magnitudes per air-mas at sea levef*. So
the star would appear to be 0.28 magnitudes brighter at the zaith compared to an
altitude of 30 . If the cameras span an altitude range of about 30 90 , then the stars
at lower altitude range are a ected more by the extinction, compared to stars at high

altitude.

There are many di erent ways of computing atmospheric extinction. One way is
to observe a set of stars throughout the night at di erent altitude, and compute the
relationship between the magnitude and altitude by making an assumption that there
has been no signi cant atmospheric changes during the night SPARVM features an
option to select the stars from di erent meteor videos of a paticular night, and compare
their magnitudes. However, it should not be assumed that thee is little variation
throughout the night, due to moonlight and other factors. Due to these reasons, this

option has to be used manually and with caution.

One way to minimise the extinction e ect is by using only high altitude stars during
the transformation between the instrumental magnitude and the Johnson V. Only
stars with altitude higher than 50 were used from the example video to compute the

transformation shown by

Vinag = 9:327 + 0:8601 | mag (5.23)

This is slightly better compared to Eq. 5.21; the slope of 0.801 is closer to 1.0
(compared to previous slope of 0.7275) , and standard devian of the residuals is 0.26
magnitude (as to 0.30 magnitude). This method is applicableif there are large number

of stars in the meteor videos.

24 http://www.asterism.org/tutorials/tut28-1.htm
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5.11 Gamma and AGC

The Gain of a CCD determines the amount of charge (photons, e ) collected in each
pixel to a digital number (ADU) in the output image. A gain of 1 00 e /ADU means
that 100 photons are required to increase a pixel value by 1 AD. For an 8 bit image,
ADU ranges from 0 to 255. The Automatic Gain Control (AGC) controls the gain
for the appropriate level of output. For example, if a pixel collects 30000 e, then
a gain of 100 e /ADU gives it a value higher than that of 255. For this reason, the
gain is increased to a higher value such as 300 FADU, and this particular pixel is

given a value of 100. This is very important because the sametar can have di erent

pixel values depending on the AGC setting. A Gain of unity is @mmon in professional

astronomical CCDs.

Gamma () on the other hand is a non-linear operation where the outputis a power

law as shown by:

Vout = Vi (5.24)

Vin and the Vpoyt are input and output pixel values. For < 1.0, the pixel value is
compressed such that even a large change in photons will e €a proportionally smaller
change in the output pixel value. For example, if a very brigh object is detected with

=1 and 1 e /ADU, then pixels with 255 - 300 e would all beset to 255 ADU. But
if is set to 0.5, then these pixels value would be between 15 - 17DAJ and di erent

from one another. So a lower is useful for detecting bright objects.

The Watec cameras have the option to work with di erent AGC and Gamma ( )
settings (as shown by the camera speci cation in the Appendk). The cameras used
in Armagh Observatory and Bangor use di erent Gamma and AGC settings, and thus

there is a need to understand the e ect of these settings on th meteor videos.

An experiment was performed to check the aspect of di erent sttings of the Watec
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cameras. The same set of stars were observed with di erent AG and settings. Let's
de ne the maximum pixel value for the setting AGC = HIGH and = ON as Vﬂ,
AGC =HIGH and =OFFas V[, AGC=LOW and =OFFas V[, and AGC =
LOWand =ONasV}.

The idea was to nd a transformation between each of these dierent settings, so
that the images taken using di erent settings can be compareé with each other. The
combination of AGC=LOW and =OFF did not provide any valuable result as the

signal level was too low. This setting was not used for any ofhe stations.

Figure 5.15 shows the comparison between N/ (AGC Low) and Vﬂ (AGC High).
The apparently linear relationship between the logarithm of the maximum pixel values
for di erent settings indicates that such a transformation is possible. The equation of
the best t line which can be used to convert pixel values fromone setting to another

is shown by:

log(VN)= 3:22+2:20 log(V,\') (5.25)

A comparison between \J{ and V[, gave similar result with a t and an equation to

transform between these two settings.

This experiment indicated that a transformation or law relating the di erent settings
of and AGC for the cameras is possible. However, the AGC settingauto adjusts
itself frequently depending on the background signal. As sbwn in the Watec manual
(Appendix), the AGC varies between 8 40 db for HIGH and 8 28 db for LOW settings.
This change in AGC prevents us from using a transformation canputed from one video
or one night for the rest of the videos. So this method can onlyoe applied if the meteors
recorded are in the same night with no signi cant change in bakground to induce a

high enough change in AGC.

Unlike astrometry, only videos that contain a large number o stars can be reduced
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Figure 5.15 : The maximum pixel value of stars with VI and V} for =ON .

photometrically, as the photometric transformation parameters would di er from one
video to the another. However, for those meteors with su cient stars, even the crude
transformation can lead to a photometric precision of 0.2 0.5 magnitudes, as was the

case for the example meteor.




Chapter 6

Double Station Reduction and

Orbital Element Computation

6.1 Introduction

The primary objective of SPARVM is to reduce video records ofdouble station meteors
and compute their orbital elements. A double station meteoris a meteor observed
simultaneously from two di erent locations/stations. One way to check if meteors
recorded from two di erent stations are double station meteors is to check their time of
occurrence. If the clocks at the two stations are up-to-datethen the di erence between
the occurrence time of a meteor in the two stations should ont be a few seconds at
most. During a meteor outburst, it is possible that two di er ent meteors occur within a
very short period of time from each other. To identify these nmeteors as double station,

their angular velocity or magnitude should be compared.

A meteor observed from a single station cannot yield the 3-dnensional position and
the radiant without using a set of assumptions. However, thedouble station reduction
method does not require any assumptions, and can compute th@-dimensional position

of a meteor at a given time through triangulation.

77
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The Double Station reduction and Orbital Element calculation modules are
di erent from other modules in that they are independent of the instruments (cam-
era/optics) and the video formats used. The Meteor Detection  module computes
the position of the meteors in the video frames, and theAstrometry and Photome-
try module computes transformation parameters to standard coainate systems. The
position of a meteor in a standard coordinate system, time, ad location of the stations,
are used as input for the double station reduction module. Ths information can also
be imported from other software packages such asletrec or UFO-Analyser. A routine

is available within SPARVM to import data from Metrec.

6.2 Conversion into the Equatorial CS
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Figure 6.1 : A double station meteor observed from Armagh (station 1) and Bangor
(station 4) shown in the horizontal CS.

Figure 6.1 shows a double station meteor observed from the Anagh Observatory
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Figure 6.2 : Double station meteor observed from Armagh (station 1) and Bangor
(station 4) shown in the equatorial CS.

cameras and the Bangor camera (referred to as stationl and station 4 respectively)
in the HCS. This meteor was observed on 2007/12/23 at 04:03BUT for 0.48 seconds
(13 frames) from station 1 and 0.52 seconds (14 frames) from station4. The same
meteor is shown in the ECS in Fig 6.2. This meteor will be used & an example to
show the process of double station reduction and computatio of orbital elements.

The cameras and their locations have been described in the apter \ The Armagh

Observatory Meteor Cameras ".

Figure 6.3 shows the instrumental ux of the meteor as obsered from two di erent
locations. The time, in seconds, shown in the X axis is normased to the start of
the station 1 meteor at 0.0 seconds. The time of occurrence of the statiord meteor
has been shifted by 4.95 seconds to match the respective peaks in the light curge
These peaks should occur at the same time regardless of whiahation it is observed

from. Using this fact, and time-shifting the meteor curves acordingly, it is possible to
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Figure 6.3 : Light curve of the example meteor. The starting time is normalised to
the starting time of station 1 meteor.

estimate the time di erence between the two stations. In this case, station 4 time is

4.95 seconds ahead of stationl time.

6.3 Double Station Reduction

The double station reduction method given by Ceplecha (198yis used as a basis for
the double station algorithm in SPARVM. All the computation s are performed in the
geocentric coordinate system. Figure 6.4 is the graphicalverview of the double station
reduction method. A plane that contains both the meteor and the station is computed
for each station as shown by the shaded area. The real meteordjectory (m) must lie

in the intersection of these planes from the two di erent stations with unit vectors nj
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and n, . The line that intersects these two planes gives the direcon to the point of

origin of the meteor (radiant).

radiant
*..

station 1

Figure 6.4 : lllustrative diagram of double station meteor relative to the two stations.
Source: Eduard Bettonvil

There are di erent methods of calculating the intersection of the two planes. Not all
the points in the meteor trajectory may lie in the plane containing the station and the
meteor. The method of Ceplecha (1987) uses the notion of an \@&erage" plane with the
least residuals, and intersects them. Another method is to ompute individual planes
from all possible pairs of meteor points in the trajectory, and intersect these individual
planes. Borovicka (1990) compared these two methods and coluded that there was

no preference of one method over the other.

The rst step is to convert all the coordinates into a geocentic cartesian coordinate
system. The time is converted into the local sidereal time #) using the longitude of
the station. There are two types of latitudes: geographic/geodetic ( ) and geocentric

( 9. The geodetic latitude ( ) is the angle between the equatorial line and the normal




6.3 Double Station Reduction 82

line that passes through the station. The geocentric latitude ( 9 is the angle between
the equatorial line and the line joining the centre of the Earth and the station. The
two latitudes are illustrated in Fig. 6.4, and they are di er ent due to the fact that the

shape of the Earth is not perfectly spherical.
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Figure 6.5 : Geodetic and geocentric latitudes. Source: Koschny & McAl e (2007)

The GPS system uses the geodetic latitude system and WGS34 model (World
geodetic System, 1984). The model de nes the Earth with an egatorial radius Reg
= 6378.137 km and the attening constant fonst = 1/298.257223563. The attening
constant relates the Earths's radius at the pole RpoL) to that at the equator. The

Earth's radius at the pole (RpoL) is computed to be 6356.752 km from:

RpoL = REQ(l f const) (6.1)

The geodetic latitude of the stations are converted into gegentric latitude using:

tan( % =(1 fconst)ztan( ) (6.2)

For Armagh Observatory, the geodetic and geocentric latitudes are 54.3530 and
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54.1706 respectively. The radius from the centre of the Earth to any point on the

surface is given by:

2 2
REo RpoL

Req 2
Ro o tan( 92+1

o<

+R2,, (6.3)

RE=

The radius at Armagh Observatory was calculated to be 6364.85 km.

The location of the observing station is transformed into rectangular coordinates as

shown by

Xg = (Rs+ hs) CoSs g COS#s
Ys = (Rs+ hg) cos 2 sin#g (6.4)
Zs = (Rs+ hg) sin ¢

where Rgs is the Earth's radius at the observing station, hg is the station height
above sea level, ¢ is the geocentric latitude and#; is the local sidereal time (LST). The
coordinates for station 1 (Armagh Observatory) are computed asXs; = 3073.1775,
Ys1 = 2105.7318 and %; = 5159.7972. Similarly, the location of station 4 (Bangor)

is converted to cartesian coordinates.

The next step is to convert the measured positions of the meter into rectangular

coordinates. The Right Ascension () and Declination ( ) are converted into , , and
using:
= COS COoS
= cos sin (6.5)

= sin
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The radial term (similar to (R+h) term in Eqgs. 6.4) is not know n for this transfor-
mation. The essence of the double station algorithm lies indentifying this radial term,

so that the 3-d position of the meteor can be computed.

The plane containing the station and the meteor trajectory can now be computed
as all the coordinates are in the same system. An \average" jgine solution, de ned as

the solution of least residuals is computed using

Xk
(@i+bi+c)® = mn (6.6)

i=1
a+b+c+d =20 (6.7)
(6.8)

a, band c are the three components of a vector that is perpendicular tahe average
plane containing both the meteor trajectory and the station. The choice of these
unknown vectors is estimated such that in IS minimised wherek is the number of

measured meteor points. The plane is expressed in the , coordinates.

Thus a plane can be de ned by a normal vector &, b, ¢) and a point in the plane is

shown by:

asiXs1+ bs1Ysi + Cs1Zs1 =  dsp (6.9)

The position of the station is used to computed. For example, the position of
station 1 (Xs1,Ys1, Zs1), Which has already been calculated from Eq 6.4, and perpen-

dicular vector (asi, bsi, Cs1), can be used in Eq. 6.9 to computedss.

The equation of a plane containing the Armagh Observatory aml the trajectory of

the example meteor is shown by
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0:149s1 09825 011457 = 3120:05 (6.10)

Similarly, the equation of a plane containing station 4 and the meteor trajectory

can be computed.

The line of intersection of these two planes gives the real fjectory of the meteor.

The line of intersection of two planes is shown by a simple veor formula

LR = S\l S\4 (6.11)

where $; and S, are the unit vectors of the normals of the plane : &<, bs/\l, c81)

and (ala, bS4, C84) respectively.

The vector Lr gives the direction of the meteor, and by converting the three com-
ponents (Ly, Ly, L;) to spherical coordinates by using the inverse of Eq. 6.5, th R.A.
and Dec. of its radiant can be computed. The conversion actuly gives the position of
either the radiant or the anti-radiant; if the zenith angle i s greater than 90 then this
is the anti-radiant. For this speci c example, the position of the radiant was calculated

to be =215.39 and = 75.60 .

The reliability of the solution depends on the geometry of the plane. Ceplecha (1987)
guanti es the statistical weight of the intersection of the two planes by Qag , the angle

between the two planes, de ned as:

q
cosQug =j asi@sa + bsibsa+ CcsiCsaj (a4, + P&, + c3 )(ad, + BB, + ¢&,) (6.12)

The statistical signi cance is proportional to sin®Qag and greater for larger angles
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between the planes. TheQag computed for the example meteor is 62.52 suggesting
a high statistical weight. The other parameter used to asses the goodness of the
intersection of the planes is min , which indicates the dispersion of the individual points
in the meteor trajectory from the average plane. The maximumangular separation of
the meteor points from the average plane, including both stdons for the example

meteor, is 2.85 arc minutes which is approximately 0.6 pixed.

Height [km]
105
100

95

90

54.
Latitude [deq]

Figure 6.6 : The meteor trajectory in spherical coordinates (latitude, longitude and
height above sea-level).

The nal part of the computation process requires the projedion of the trajectory
points onto the average plane. Then by using the inverse of Eg} 6.5 the and
coordinates for the meteor trajectory can be computed. Usig the inverse of Egs. 6.1
6.4, the latitude, longitude, and height of the meteors can ke calculated. The example

meteor trajectory as seen from station 1 is shown in Fig. 6.6 in Earth- xed spherical
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coordinates (Latitude, Longitude, Height (above sea-lev8).

The parameters computed for the double station meteors are he position of the
radiant, the angle between the station-to-meteor planes, lhe geocentric (X, Y, Z) and
the spherical (latitude, longitude, height) position of each point in the meteor trajectory.
The observed velocity (Vyps) is calculated by using the distance and time di erence
between all the available points along the trajectory, rather than only using the rst
and last points, or only the consecutive points. Deceleratin of the meteor is thus not
taken into account, as its e ect is smaller (during the fraction of a second) compared to
the uncertainty of the velocity estimation. The meteor is assumed to have a constant

velocity.
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Figure 6.7 : Observed velocity of the example meteor.

The velocity for the example meteor observed from station 1 is shown in Fig. 6.7.

The mean and median of the velocity are computed as 35.06 km $ and 35.19 km s *
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respectively. The close agreement between the mean and theedian value suggests
that the result is robust even though the spread of the velody seen in Fig. 6.7is 5
kms 1. The mean value (Vyps = 35.06 km s 1) is taken as the observed velocity of the
meteor. Similarly, the velocity from station 4 is computed to be 34.43 km s!. The
average velocity from the two stations is 34.74 0.44 km s 1. Thus, the double station

module of SPARVM is able to estimate the velocity of this meteor with high accuracy.

Ceplecha et al. (1998) method (Egs. 3336 in his paper) is used to transform the
observed velocity into velocity in nity ( V1 ). The V1 quantity is de ned as the velocity
of the meteor as it enters the Earth's atmosphere. The relatbn between the observed

velocity Vops and Vi is given by

Vi = Vs (r)+ gCos (6.13)

where (r) is a deceleration function, g is the gravitational acceleration and is
the entry angle of the meteoroid. The last term in the equation is due to the e ect of

Zenithal attraction (discussed more in Section 6.5).

Apart from these two terminologies for meteor velocity, there are two more velocity
terms when referring to meteors. The geocentric velocity (\§) of a meteor is de ned
as observed by a massless observer at 1 AU travelling at the s& velocity as that of
the Earth. This is, in fact, the velocity of the meteor at in n ity with respect to Earth.

The heliocentric velocity (V) is the velocity of the meteor with respect to the Sun.

The example meteor occurred on 2007/12/23 at 04:03:37. Thegsition of the radiant
computed was =215.39 and = 75.60 with V; =33.04 km s 1. The peak of the
Ursid meteor shower usually occurs on December 29, with the radiant at = 217
and =76 andViy =33 kms ! (2005 IMO calendar Table 2.1 ). Consequently, the

example meteor can be identi ed as a part of the Ursid meteor seam.
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6.4 Comparison with UFO Orbit and KNVWS software

packages

The 2006 Meteor Orbit Determination Workshop (Koschny & McA uli e, 2007) brought

together various groups working in the development of metep analysis software. To
compare the di erent methods used in those software package 42 double station me-
teors from ESA's Leonid 2001 campaign in Australia were usedhs test data. The
meteors were recorded usindMetrec. The resulting output was fed into the various

software packages to assess their double station reductioalgorithms.
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Figure 6.8 : Dierence of Right Ascension of the radiants computed by

KNVWS/UFO  Orbit and SPARVM.

The test data was analysed by three software packages: SPARM, UFO Orbit
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Figure 6.9 : Dierence in Declination of the radiants computed by
KNVWS/UFO  Orbit and SPARVM.

V2.05 and KNVWS. UFO Orbit is part of the UFO package group® developed by
Sonataco; andKNVWS was developed by Eduard Bettonvil (Bettonvil, 2006). The
result described below originated from a series of private @anmunications and has not

yet been published.

Figure 6.8 shows the di erence in R.A. of the radiant computed by KNVWS/UFO  Orbit
and SPARVM. The results from KNVWS and SPARVM are comparativ ely less di er-
ent from each other than when compared against UFO Orbit. Figure 6.9 shows the
di erence in Dec. of the radiants. The KNVWS software produces similar results with
SPARVM, while UFO Orbit di ers signi cantly from both for several meteors. It is

not immediately obvious from these gures, but if looked at dosely, a meteor which

Bhttp : ==sonotaco:com=soft=index:html
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has a large di erence in R.A. also has a large di erence in Dec

All three software packages compute velocities for each stan (V 1 and V») and the
observed velocity (Vgps) Which is the average of these two velocities. The location®f
both stations used are in Australia. The di erence in Vgps is shown in Fig 6.10. Unlike

the radiants, the velocities computed by UFO Orbit are similar to those computed by

SPARVM.
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Figure 6.10 : Dierence in V gps computed by KNVWS/UFO  Orbit and SPARVM.

The results from Fig 6.8 6.10 are compiled in Table 6.1 which compares the abso-
lute mean, standard deviation, and the maximum value of the d erences between the
position of the radiant (R.A., Dec.) and the velocities (V1, V2, Vops). The mean di er-
ence in the R.A. of the radiant is only 0.016 and 0.131 for KNVWS and UFO Orbit
respectively. Similarly, the mean di erence in the Dec. of the radiant is 0.022 and

0.269 for KNVWS and UFO Orbit respectively. The three radiant estimates agree to




6.4 Comparison with UFO Orbit and KNVWS software packages 92

0.1 for most of the meteors.

The mean di erence in V1 between SPARVM and KNVWS is 6.9 km s 1, and even
though the mean V, computed only diers by 0.9 km s 1, the mean Vs di ers by
3.6 km s 1. The maximum dierence in Vs is 29.9 km s 1. The dierence with
UFO Orbit is less, with the mean di erences of all the velocities being less than 2.0
km s 1. The reasons for these dierences have not been properly imstigated as the

relevant algorithms used in KNVWS and UFO Orbit are not publicly available.

Mean STD Max

KNVWS

R.A. (deg) 0.016 0.033 0.206
Dec. (deg) 0.022 0.068 0.433
Vi (kms 1) 69 125 56.3
Vo(kms 1) 09 23 149
Vops (kms 1) 3.6 6.4 29.9

UFO Orbit

R.A. (deg) 0.131 0.354 2.112
Dec. (deg) 0.269 0.740 3.875
Vi (kms 1) 1.9 22 120
Vo (kms 1) 1.1 3.2 174
Vops (kms 1) 1.4 2.4 147

Table 6.1 : Comparison of double station results between SPARVM, KNVWS and
UFO Orhbit.

One way to assess the reliability of the velocity estimatess by comparing the ve-
locities observed from the two stations. A single meteor wold have the same velocity
regardless of which station it is observed from. The di ererce, therefore, between Y
and V» gives an estimate of the robustness of the algorithms. The nan, STD and
maximum value for the velocity di erence between two stations (V1 - V) is shown in
Table 6.2. The mean and STD dierence for KNVWS is much higher compared to
the other two software packages. The mean di erence compuie by SPARVM of 4.7
km s ! is the lowest. This fact alone is not enough to suggest that SRRVM has a
better double reduction algorithm, but is enough to show that the result obtained by

SPARVM is at least as good as those of the other software packges.
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Software Mean STD Max
SPARVM 47 10.4 67.3
KNVWS 104 13.8 52.8

UFO Orbit 54 10.2 65.7

Table 6.2 : Dierence in velocities observed from station 1 (V1) and station 2 (V).

It is important to note that the accuracy of velocities computed from the di erent
methods is 1 3 km s 1, while the velocity di erences between the two stations are
5 km s 1. This could be due to the software used to nd the position of the meteor
(Metrec) and the uncertainty in transforming it to equatori al coordinates (R.A., Dec.).
However, an accuracy of 1 3 km s ! is acceptable given the fact that cameras used in
meteor astronomy are often inexpensive, o -the-shelf modis, with a pixel eld-of-view

of 5 arc minutes.

6.5 Computation of the Orbital Elements

The position and velocity vectors are transformed into helbcentric orbital elements.
These are de ned hy the perihelion distance ), eccentricity (€), inclination (i), lon-
gitude of the ascending node (), argument of perihelion (! ), and mean anomaly at
epoch My). The semi-major axis (@) of the ellipse can be computed frome and Q.

Some of these angles are shown in Fig. 6.11.

The orbital elements of the meteors are computed using SPICEoutines. \ The
SPICE data sets are often called \kernels" or \kernel les". SPICE kernels are com-
posed of navigation and other ancillary information that has been structured and for-
matted for easy access and correct use by the planetary sciea and engineering com-
munities. SPICE kernels are produced by the most knowledgdse sources of such
information, usually located at a mission operations cente. They should include or be
accompanied by metadata, consistent with ight project data system and NAIF stan-

dards, that provide pedigree and other descriptive informdion needed by prospective
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Figure 6.11 : Orbital elements of a celestial body. Source: LaSunncty.
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SPICE provides ephemerides of the Sun, the Earth and the lod#&n of any target
body as a function of time. It also includes certain physical dynamical and cartographic
constants for target bodies, such as size and shape specitians, orientation of the spin
axis and prime meridian. In addition, SPICE has robust routines to transform between
di erent coordinate systems such as heliocentric CS, baryentric CS and geocentric CS.
The main SPICE routine used here is OSCELT. It calculates a seof osculating conic

orbital elements corresponding to the state 6-vector (pogion, velocity) of a body.

The gravity of the Earth acts gradually upon a meteoroid changing its direction
and speed. The sphere of in uenceRgy; (Opik, 1976)of the Earth on the meteoroids is

calculated using

2 http://naif.jpl.nasa.gov/naif/spiceconcept.html
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M
Rsoi = RsE —ME (6.14)
S

where Rgg is the distance between the Earth and the Sun, andig and Mg are the
masses of the Earth and Sun respectivelyRgyi is 909476 km from the Earth's centre

and 1/160" of 1 AU.
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Figure 6.12 : Zenithal correction for the example meteor.

The zenithal correction for di erent absolute velocities is shown in Fig. 6.12. The
di erence in the velocity at V; and Vs (velocity at a distance of Rggj) for di erent
initial velocities with a xed position (of the example mete or) is computed. The correc-
tion is prominent for the meteors with velocities less than © km s 1, with corrections

increasing rapidly below 20 km s .

The path of a meteoroid from Rge; to the Earth's atmosphere is assumed to be a
hyperbola. First an assumption is made that the velocity of the meteoroid is uniform

over this hyperbola, and using Vi and Rgej, a time when the meteoroid would be at
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Rsoi is roughly estimated. The meteoroid particle is then iterated forward and backward
on the hyperbola to calculate accurately the time and velody when it would be at a

distance of Rgp;.

For the example Ursid meteor observed from station 1, the position and velocity

vectors at Earth's atmosphere P71 ; Vi ) and at Rggi (Psoi; Vsoi) are:

P, [ 314279, 208642, 523418 ]
Vi = | 7:22; 5:06, 3334 ]
Psoi = | 18420722 14262181; 87913298 ]

Vo = [ 654 523 3157 ] (6.15)

The meteor has been integrated from a distance ¢fP; j = 6451.89 km to | Pgoi j =
909476.82 km. The absolute velocity of the meteor changesdmj Vi j=34.49 kms !
to j Vsoi j = 32.67 km s 1. The X and the Z directions of the meteor velocity changed

more compared to the Y direction.

Station (0N a e i ! M o
Armagh 0.95 4.86 0.801 5290 270.81 206.06 358.24

Bangor 0.95 540 0.823 53.31 270.81 205.83 358.55
8P/Tuttle 1.02 5.69 0.819 54.98 270.34 207.50 351.45

Table 6.3 : Comparison between the orbital elements of 2007/12/23 043:37 UT Ursid
and comet 8P/Tuttle.

The state vector at Rg; is transformed from geocentric CS to heliocentric CS. The
orbital elements for each station are computed individually. The orbital elements com-
puted for the example Ursid meteor are shown in Table. 6.3 alog with the orbital
elements of parent comet 8P/Tuttle from the JPL database?’. This table is a result
of all the modules (except photometry) in the SPARVM software, and it shows a good

match between the meteor and its parent comet.

2T http://ssd.jpl.nasa.gov/




Chapter 7

The Armagh Observatory Meteor

Database

The reliability of SPARVM has been demonstrated in the last three chapters through
speci ¢ examples. For a better understanding of the usefuless and the limitations of
the software, it is necessary to use the software to analyse &rge number of meteor
records, such as the ones from Armagh Observatory Meteor dabase (AOMD). It
is also essential to di erentiate between the limitations o the software from that of
the meteors in AOMD. For example, if a meteor video contains tuds and only few
stars are visible to compute the astrometric transformation parameters, then the large
uncertainty in the results computed by the software is mainly due to poor quality of
meteor records. However, if there are su cient stars in a goa quality video, then the

resulting uncertainty is due to software limitations.

The camera speci cations were described in Chapter 3. The caeras are named
\Cam 1",\Cam 2"and Cam 3"where\Cam 1"is tted with medium angle optics
and the other two cameras with wide angle optics. The camera taBangor is hamed
\Cam 4". Its speci cations are identical to those of \Cam 1", but the settings used

for AGC/Gamma are di erent.

97
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We used meteors captured from 2005/06/08 until 2007/12/31 b test di erent mod-
ules of SPARVM. The meteor videos were captured usingJFO Capture V1.0 software
until July 2007 by the three cameras in Armagh observatory, UFO Capture V2.0
was used thereafter. The meteor videos observed by Can#d during 2007/08/21 -
2007/12/05 were corrupted (due to use of wrong codecs) and we not used for the
test. In total, AOMD contains 6575 meteor videos until the end of 2007 distributed
among the four cameras as follows: Caml = 1616, Cam 2 = 1132, Cam 3 = 1153

and Cam 4 = 2674.

The data from the three cameras from Armagh Observatory are tirther divided
into two groups, with Cam 1.1, Cam 2.2 and Cam 3.3 denoting the meteor captured
by UFO Capture V1.0, and Cam 1.9, Cam 2.9 and Cam 3.9 denoting the meteors
captured by UFO Capture V2.0 by Cam 1, Cam 2 and Cam 3 respectively. The
Cam 1.9, Cam 2.9 and Cam 3.9 sets contain 371, 224 and 278 meteor videos respec-

tively.

7.1 Astrometry

711 Cam 1

Figure 7.1 shows the distribution of the number of stars deteted in the meteor records
captured by Cam 1.1. There are distinct lower and upper cut-o s at 15 and 40 respec-
tively. The upper cut-o at 40 minimises the possibility tha t artifacts will be considered
as a star. The non-linearity correction vectors (Cx and C;) contain 10 scalar constants
each, and thus videos with less than 15 stars detected (ie leshan 30 observables) were
not used for the computation of the astrometric transformation parameters. This |-
tering of the meteor records based on the minimum number of gtrs detected is termed
\Star Filter . For Cam 1.1, Star Filter = 15, since only meteor records with

more than 15 stars were used in the astrometric transformatin process.




7.1 Astrometry 99

40

20

Number of meteors

O I I AR | L | I |

0 10 20 30 40 50
Number of stars

Figure 7.1 : Distribution of the number of stars detected in Cam 1.1 meteor videos.

The distribution of the residuals of the polynomial t ( asyo) for Cam 1.1 is shown
in Fig. 7.2. The histogram bin size is 0.1 pixels, and most oftie meteor records have
astro 0.3 pixels. There were 15 videos (out of the 715 used) with 5540 > 1.0 not
shown in this plot. Hence, only meteor videos with 540 0.3 pixels were used for the
subsequent transformations. The Itering of the videos bagd on the maximum value of
astro Of the meteor records is termed as as1o Filter . For Cam 1.1, as40  Filter

is set to 0.3 pixels.

The camera pointings calculated from the astrometric trangormations for Cam 1.1
in the horizontal CS are shown in Fig. 7.3. Cam 1.1 was pointed at azimuth =
61.98 0.21 and altitude = 62.74 0.08. The camera seems to have shifted more
in azimuth than in altitude. It is unlikely that the camera wa s temporarily moved to
a di erent position (such as one point on the top and one on theright of the gure)
and then recovered its original position. These pointing odliers are most likely due
to large errors in the transformation parameters, ie a bad asometry t. So meteors

that produced pointing di erence of more than 0.4 and 0.2 in azimuth and alti-
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Figure 7.2 : Distribution of Astrometric transformation uncertainty astro for
Cam 1.1.

tude respectively from the mean pointing were ltered out. This ltering of the meteor

records based on the pointing direction is termed theP ointing  Filter criterion.

Cam 1.9 showed similar results to those of Cam 1.1. The pointing of Cam 1.9 was
azimuth = 61.79 0.13 and altitude = 62.71 0.09 . The values of theStar Filter ,

asto  Filter , and Pointing  Filter were the same as those of Cam1l.1.

Meteor Videos Cam 1.1 Cam 1.9
Total 1245 371
Star  Filter 787 233
astro  Filter 715 212
Pointing  Filter 676 210

Table 7.1 : Filtering of Cam 1.1 and Cam 1.9 data according to the di erent criteria.
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Figure 7.3 : The pointing of Cam 1.1.

The number of meteors Itered through after successive Itering for both Cam 1.1
and Cam 1.9 are summarised in Table 7.1. The meteor videos discardday the Star
Filter criterion are  36% of the total meteor videos. This suggests that a large
fraction of them contain fewer stars than the minimum necesary for a usable result.
Comparatively, less than 10% of the videos are discarded byhe combination of the

astro  Filter and the Pointing  Filter criteria.

SPARVM was able to accurately compute the astrometric trandormation for  80%
of the meteor videos containing at least 15 stars. Those metg videos which were
ltered out use the transformation parameter from the last acceptable meteor record

previous to it.
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Figure 7.4 : Distribution of the number of stars detected in Cam 2.2 meteor videos.

Figure 7.4 shows the distribution of the number of stars in méeor videos detected
by Cam 2.2. Compared with Cam 1.1, we see fewer meteor videos containing more
than 15 stars. Cam 2.2 is tted with wide angle optics and its limiting magnitud e is
brighter compared to that of Cam 1.1. So even though it covers a larger volume of
the sky, it usually detects less stars. Consequently the theshold for the Star  Filter

is lowered to 10 stars for this camera or 20 observables.

The distribution of the asro quantity for Cam 2.2 is shown in Fig. 7.5. There is a
sharp drop after asp0 = 0.3 pixels, but unlike Cam 1.1 there are many meteors with
higher asto. There were 90 videos with 540 > 1.0 not shown in this plot. One of the

possible reasons for these high values ofsyo could be the inclusion of meteor records
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Figure 7.5 : Distribution of the astrometric transformation uncertai nty ast0 for
Cam 2.2 meteor records.

with 10 15 stars. The asro Filter for Cam 2.2 is set at 0.5 pixels.

The camera pointings calculated from the astrometric trangormation for Cam 2.2
in the horizontal CS are shown in Fig. 7.6. Cam 2.2 is pointed at azimuth = 326.0 1.8
and altitude = 65.4 1.2 . The dispersion in the pointing of Cam 2.2 is higher than
that of Cam 1.1. As for that camera, we consider it unlikely that the pointings far from
the dense cluster are actually due to movement of the cameraThey are more likely
due to errors in the transformation parameters. TheStar Filter and 50 Filter
criterion have been set leniently for this camera thus alloving more transformation
parameter sets with large uncertainties. These meteor reads are then ltered out
using the Pointing  Filter criterion. Meteors that produced pointing di erences of

more than 1.0 and 0.5 inazimuth and altitude respectively from the mean pointing
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Figure 7.6 : The pointing of Cam 2.2.

Similar results were observed for Cam 2.9. The camera pointing was calculated to
be azimuth = 325.6 2.3 and altitude = 65.4 0.8 . The number of meteors Itered
through after successive lterings for both Cam 2.2 and Cam 2.9 are summarised in
Table 7.2. The number of meteors recorded is much smaller copared to Cam 1.1 and
Cam 1.9. Even after the Star  Filter criterion was lowered to 10 stars, only 50%
of the meteor records are retained. Astrometric transformaion parameters have been
computed for only 35% of all meteor records. Yet SPARVM computed accurately tre

transformation for 68% of the meteor records which contained more than 10 stars.
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Meteor Videos Cam 2.2 Cam 2.9
Total 908 224
Star  Filter 471 111
astro  Filter 370 99
Pointing Filter 318 80

Table 7.2 : Filtering of Cam 2.2 and Cam 2.9 data according to the di erent criteria.
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Figure 7.7 : Distribution of the number of stars detected in Cam 3.3 meteor videos.

713 Cam 3

Figure 7.7 shows the distribution of the number of stars deteted by Cam 3.3. The

number of stars detected is comparable to that of Cam 2.2 since the cameras are

employ identical optics. The Star  Filter criterion for this camera is also set to

10. Inevitably, using fewer stars will cause larger uncertaties in the transformation

parameters.
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Figure 7.8 : Distribution of Astrometric transformation uncertainty astro for
Cam 3.3.

The distribution of the 4o for Cam 3.3 is shown in Fig. 7.8. There were 83
meteor videos with astr0 > 1.0 not shown in this plot. The a0 distribution is very
similar to that of Cam 2.2, if not slightly worse, since the sharp drop starts at 0.4

pixels. astro  Filter of 0.5 pixels is used as for Cam2.2.

The pointings for Cam 3.3 are shown in Fig 7.9. The camera is pointed at azimuth
=155.33 0.39 and altitude =60.15 0.10. The standard deviation of these pointings

suggests that the transformation quality is better compared to that of Cam 2.2.

Cam 3.9 shows similar results to Cam 3.3. The pointings calculated were azimuth
=155.37 0.55 and altitude =60.17 0.13. Since the data is more concentrated than
in Cam 2.2, a smallerPointing  Filter criterion was used. Meteors that produced
pointing di erence of more than 0.5 and 0.2 in azimuth and altitude respectively

from the mean pointing were ltered out.

The Itering of the Cam 3.3 and Cam 3.9 videos are shown in Table 7.3. About
40% of the total meteor videos are lItered out by the Star  Filter criterion. As-

trometric transformations were computed for 73% of the Itered data. The meteor
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Figure 7.9 : The pointing of Cam 3.3.

Meteor Videos Cam 3.3 Cam 3.9
Total 875 278
Star  Filter 498 184
astro  Filter 414 159
Pointing Filter 360 142

Table 7.3 : Filtering of Cam 3.3 and Cam 3.9 data according to the di erent criteria.

records lItered out by the Star Filter is primarily due to insu cient stars in the

meteor records, and is due to the limitation of the videos of ZOMD. But the meteor
videos ltered out by the other two lters are due to the limit ations of the software.
Those meteor videos which were Itered out use the transformation parameter from

the last acceptable meteor record previous to it.

714 Cam 4

Figure 7.10 shows the distribution of number of stars deteatd by Cam 4. Apart from
the Gamma/AGC settings, all other settings of Cam 4 are identical with Cam 1.

The number of meteor records with more than 15 stars is largecompared to Cam 1,
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Figure 7.10 : Distribution of the number of stars detected in Cam 4 meteor videos.

Cam 2, and Cam 3. This is due to the fact that Cam 4 recorded twice as many
meteors as Cam 1 in the same period of time. A value of theStar Filter criterion
of 20 is chosen for this camera, as there are plenty of meteorideos to compute the

astrometric transformation accurately.

The distribution of 4540 for Cam 4 is shown in Fig. 7.11. There is a sharp drop
at  astro 0.3 pixels, even though there are many videos with large 450, including
306 meteors which have values greater than 1.0 pixels and aret shown in this plot.
However, there will be su cient videos even with a severe costraint for g0 Filter

at 0.3 pixels.

The pointing for Cam 4 is shown in Fig 7.12. Unlike the previous three cameras,
here we see six di erent pointing clusters. The station in Bangor was shifted once as
the amateur astronomer moved home (albeit only a few blocks \way). The camera
pointing apparently changed several times as shown by this gure. Hence, a manual

transformation for each of the six di erent pointings had to be calculated.

The ltering of the Cam 4 videos is shown in Table 7.3. Since there were 2674
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Figure 7.11 : Distribution of Astrometric transformation uncertainty astro Tor
Cam 4.

Meteor Videos Cam 4

Total 2674

Star Filter 1231
astro  Filter 721

Pointing Filter 718

Table 7.4 : Filtering of Cam 4 data according to the di erent criteria.

meteor records, high values of theStar  Filter (containing more than 20 stars) and
asto  Filter (less than 0.3 pixels) criteria were used. This reduced the umber of
meteor records by 53% and 20% respectively. Since the meteor videos were already
Itered well, only 3 videos were ltered out by the Pointing Filter criteria. 718 meteor
records are used to compute the astrometric transformatios which is comparable to

the number of meteor records used for other cameras. But thewplity of meteor records
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Figure 7.12 : The pointing of Cam 4.

used is better as more severe constraints were used comparecdthe other three cameras.

In conclusion, the uncertainties of the astrometric transbrmations largely depend on
the number of stars available for the computation. Meteor videos captured by Cam 4
enjoy the highest quality of astrometric transformation mainly due to the large number
of available videos. The transformation of meteors capturd by Cam 1 is almost as
good as those by Cam 4. The cameras with wide angle optics Cam 2 and Cam 3
have comparatively larger astrometric uncertainties, esgcially Cam 2, whose results

should be analysed with caution.
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7.2 Photometry

The photometric calibration of the meteors was done using a de transformation
without any correction for atmospheric extinction. The instrumental magnitudes were
transformed into the Johnson V magnitude as described in Section 5.8. The trans-
formation was done for those videos that had at least 5 starsThis Itering of meteor
record based on the number of stars for photometry is termed® hoto filter . The

of the residuals of the photometric transformation is termed ppoto-

400 fryTTTTTTTTT T
300 ]

200 F

Number of meteors

O:w L 1 L 1 L 1 1

0.0 0.7 0.2 035 04 0.5
Photometry sigma [magnitude]

Figure 7.13 : The distribution of oo Of photometric transformation of Cam 2.

Figures 7.13 and 7.14 show the distribution of ppete for Cam 2 and Cam 4 re-
spectively. The peak at ppoto = 0.0 magnitude shows that these meteors were not used
for photometric calibration because they had less than 5 stes; there were 389 and 537
such meteor videos for Cam 2 and Cam 4 respectively. The results for Cam-1 and
Cam-3 were similar and not shown here. The results from all for cameras are shown
in Table 7.5. The Photo filter in the table refers to the number of videos that have
more than 5 stars. The mean values of ot are shown for each camera, and are very

similar to eachother.
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Figure 7.14 : The distribution of photo Of photometric transformation of Cam 4.

Meteor Videos Cam 1 Cam 2 Cam 3 Cam 4
Total 1616 1132 1153 2674
Photo filter 1243 743 823 2137
photo/Mag. 0.23 0.04 0.20 0.04 0.21 0.04 0.20 0.04

Table 7.5 : Filtering of Cam 4 data.

Including all the four cameras, about 70% of the total videoshad more than 5 stars,
and thus were photometrically reduced. The mean photo is  0.21 magnitudes and the
maximum value of photo Is < 0.5 magnitudes. This is a very good result considering

the fact that this is a crude calibration without any photome tric corrections.

The maximum (bold line) and minimum (dashed line) magnitude distribution of
meteors observed by Cam 1 is shown in Fig. 7.15. The minimum magnitude is the
brightest value of the meteor while the maximum magnitude isthe faintest value of the
meteor. Only the meteors that were photometrically reducedwere used in this distri-
bution. The brightest meteor observed is of 2.5 magnitude while the faintest meteor
observed is +5.8 magnitude. Figure 7.16 shows the maximum (bld) and minimum

(dashed) magnitude distribution for Cam 2. The peak of the minimum magnitude
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Figure 7.15 : Distribution of minimum (dashed line) and maximum (bold |i ne) mag-
nitude of meteors observed by Cam 1.

is at +3 magnitude, compared to +4 magnitude for Cam 1, as the wide angle eld
of view detects brighter meteors. The distribution for Cam 3 is similar to that of
Cam 2. However, Cam 4 detected meteors from 6.2 to +6.1 magnitude as shown
in Fig 7.17. This is perhaps due to the di erent AGC/gamma settings for the camera.
It is probably also the reason why Cam 4 has twice the number of meteors compared

to the cameras from Armagh Observatory.

7.3 Meteor Detection

The meteor detection module is the most important part of the whole software because
if it fails to detect any meteor, then there is no use for the oher modules. Finding
the centre of the meteor with precision is also very importarn in determining the un-
certainties of the radiants, the velocities and the orbital elements. The uncertainty in
meteor centroiding can be assessed bymet, the standard deviation of the residuals of

the points from the best t line along the path of the meteor.
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Figure 7.16 : Distribution of minimum (dashed line) and maximum (bold li ne) mag-
nitude of meteors observed by Cam 2.
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Figure 7.17 . Distribution of minimum (dashed line) and maximum (bold |i ne) mag-
nitude of meteors observed by Cam 4.

The distribution of e for Cam 1 is shown in Fig. 7.18. There were 45 meteors
with  met > 3.0 pixels not shown on this plot, as some of the values are Higr than 100

pixels. The value of et for the majority of the meteors is below 0.5 pixels.

The results for the other cameras are shown in Table 7.6. The Detected" row
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Figure 7.18 : Distribution of e for Cam 1.

Meteor Videos Cam 1l Cam 2 Cam 3 Cam 4
Total 1616 1132 1153 2674
Detected 1559 1090 1119 2427

met < 3.0 /pixels 1514 1024 1086 2290
met Median/pixels 0.30 0.22 0.31 0.29

Table 7.6 : Meteor detection.

shows the number of videos where a meteor was detected. The AID database is
sorted from other videos such as lighting, aeroplane, birdsashes etc. through manual
inspection on a daily basis. It is still possible, however, hat some videos do not contain
meteors. Secondly, if there are two meteors, or a meteor andnather moving object
such as bird or aeroplane, then the meteor detection moduleails. The meteors were
detected in 95% of the total AOMD videos by SPARVM. Only 4% of these meteors
have met > 3.0 pixels, and thus 90% of the total meteors captured over the period

of 2.5 years by all cameras were centroided with a median y,e; of only 0.30 pixels.
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This is the most important achievement of the software, with respect to the scienti ¢

utilisation of the data.
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Figure 7.19 : Distribution of frame number per meteor in Cam 1.

Figure 7.19 shows the distribution of the number of frames wiere meteors have been
detected in Cam 1. The sharp cuto at 3 frames suggests that SPARVM is only able
to detect a meteor if it is in 3 or more frames. There is a large amber of meteor
records containing only 3 10 frames. There were 4 meteors with> 50 frames. The case
was similar for the other cameras. The number of frames is rated to the duration of
the meteors, with the majority of the meteors captured by Cam 1 lasting for less than

1 second.

7.4 Double Station Data

SPARVM reduced 386, 148 and 158 double station meteors obsexd between Cam 1

and Cam 4, Cam 2 and Cam 4 and Cam 3 and Cam 4 respectively. The double
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station meteors from the di erent cameras were matched usig the time of occurrence
of the meteors. In some cases, even if two meteors occurredtiie same time, they were
not double station meteors. These meteors were ltered out i using the velocity as
a discriminator. Non-double station meteor solutions givevelocities outside the range
12.0 80.0 km s 1. An upper bound of 80.0 km s 1, instead of the maximum possible
velocity of 72.5 km s 1, is used to allow for some uncertainty. It was not possible to
use the lower bound of velocity lower than 12.0 km st in the same way, as the velocity

would be less than the escape velocity of the Earth.

The results of the double station and orbital computation are the position of the
radiant (R.A., Dec.), V1 (for both stations), and the orbital elements q, a, €, i, ,
I, and M,. It is important to test and verify these results obtained by SPARVM, as
well as understand their uncertainties. One way to test the duble station results is by
comparing the velocity di erences as observed from the two s&tions. In Section 6.4,
we saw that the mean of the velocity di erences between the tw stations was 5 km

s 1, with the maximum di erence being over 50 km s 1.

The V1 distribution of the meteors observed between Cam 4 and Cam 1, Cam 2,
and Cam 3 are shown in Fig. 7.20. The stepped curve with a maximum at 16 corre-
sponds to Cam 1, the bold curve with a maximum at 40 corresponds to Cam 2 and
the dashed curve with a maximum of 50 corresponds to Cam3. There were 7, 10 and

6 meteors outside the range of this plot for Cam 1, Cam 2 and Cam 3 respectively.

The maximum di erence in V1 computed was 26.8 km s, 53.2 km s 1 and 60.7
kms ! for Cam 1, Cam 2 and Cam 3 respectively. The median values of \ for
Cam 1, Cam 2 and Cam 3are 1.0 kms? 1.2 kms ! and 1.7 km s ! respectively.
So we can say in general that the double station velocities eoputed for meteors in
Cam 1 are accurate to 2 km s and those in Cam 2 and Cam 3to 3 kms 1. Such
accuracy obtained after analysing more than 600 double stabn meteors observed by

these cameras is excellent.

A change in position of the meteor was imposed to see the regirlg change in
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Figure 7.20 : V1 dierence between (i) Cam 1 and Cam 4 (steps),(i) Cam 2 and
Cam 4 (bold line), and (iii) Cam 3 and Cam 4 (dashed line).

velocity and radiant for the example meteor used in Section &. The error propagation
for observed velocities (V1 and V2) is shown in Fig. 7.21. TheX axis shows the change
in the positions of the meteor centre in the X and Z direction, and the corresponding
change in the velocities is shown on the Y axis. It is intereshg that V1 and V2
change in such a way that the average of the two remains the sae This shows that
the uncertainties in the position of the meteor centre have ittle e ect on the average
velocity computed from the two stations. But the di erences of velocity computed from

the two stations increase with the change in meteor positionresulting to about 30 km
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Figure 7.21 : Error propagation in the velocities (V1 and V2) observed from two
stations.

s 1 dierence for the change of 20 pixels in X and Z directions. The uncertainty in the
position of most of the meteors is about 1.0 pixels, causing &elocity uncertainty of

about 1.5 km s 1.

Error propagation for the position of the radiant (R.A. and D ec.) is shown in
Fig. 7.22. A change in the X and the Z direction of the meteor catre by 1 pixel
causes the R.A. and Dec. to change by 0.4 and 0.2 respectively. The change is
not symmetric for both R.A and Dec. on either side of the X and Z direction. These
results only give an indication of uncertainties in velocites and the radiant for this

particular meteor.

There are alternative ways to assess the uncertainties in tse parameters, such as
by comparing the results from meteors observed by more thanwo cameras. 87 double
station meteors were observed by both Cam 1 and Cam 3, whereas 76 double station

meteors were observed by both Cam1 and Cam 2. Only 14 double station meteors
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Figure 7.22 : Error propagation in the position of the radiant (R.A. and D ec.).

were observed by both Cam 2 and Cam 3. Since they observe the same meteor, the
radiant and the velocities of these meteors computed by di éent combinations of the
cameras should yield the same result. Some minimal di erene should be expected eg.

due to the di erence in the angular pixel size of the cameras.

Figure 7.23 shows the di erence of radiant for the double stédon meteors observed
by both Cam 1 and Cam 3. The bold line and the dashed line show the di erence
in R.A and Dec. respectively. There were 6 meteors for R.A. ad 2 for Dec. which
were outside the given range and are not shown on this plot. Th median di erence
in R.A. and Dec. are 0.69 and 0.38 respectively. Out of the total 87 meteors, 76 of
these meteors have di erences in R.A. of less than 3 and 83 of them have di erences
in Dec. of less than 3. This shows that the radiant estimates, both in R.A. and Dec,,

computed by Cam 1 agree with those from Cam 3.

The di erences in V1 of the double station meteors observed by both Cam 1 and
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Figure 7.23 : Dierence of radiant, R.A. (bold line) and Dec. (dashed line), for meteors
observed by Cam 1 and Cam 3.

Cam 3 are shown in Fig 7.24. There were 2 points not shown in this gt as they
lie outside the given range. The median dierence in \{ is only 0.89 km s 1 with 70
meteors (out of 87) having less than 3 km s di erence. This shows the agreement of

V1 between the meteors observed by the two cameras.

The comparison of double station meteors observed by both Ga 1 and Cam 2
show much larger di erences. The distribution of the di ere nce in radiant for the double
station meteors observed by both Cam 1 and Cam 3 is shown in Fig. 7.25. The bold
line and the dashed line show the di erence in R.A and Dec. resectively. There were 1
meteors for R.A. and 3 for Dec. which were outside the given nage and are not shown
on this plot. Out of the total 76 double station meteors, 55 mdeors have a di erence of

less than 3 in R.A, and 57 meteors in Dec. The median di erence in R.A. andDec. is
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Figure 7.24 : Dierence in V1 for meteors observed by Cam 1 and Cam 3.

1.18 and 1.30 respectively, almost twice (0.69 and 0.38) compared to the di erence

between Cam 1 and Cam 3.

The di erences in V1 of the double station meteors observed by both Cam 1 and
Cam 2 are shown in Fig 7.26. There were 4 points not shown in this gt as they lie
outside the given range. The median dierence in i is 1.57 km s 1 which is almost
twice the di erence between Cam 1 and Cam 3 (0.89 km s 1). 52 meteors (out of

76) have less than 3 km s dierence in V1 .

The meteors with di erence of less than 3 kms1inV; and less than 3 in R.A. and
Dec. of the radiant are taken as having good agreement. Ovellathere was agreement
for 70% of the meteors observed by both Cam1 and Cam 2. This is less compared
to the agreement of 80% of the meteors observed by both Cam1 and Cam 3. The
biggest di erence was in Dec. of the radiant, where 75% of the meteors observed

by both Cam 1 and Cam 2 were in agreement compared to 95% of the meteors
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Figure 7.25 : Dierence of radiant, R.A. (bold) and Dec. (dash), for meteors observed
by Cam 1 and Cam 2.

between Cam 1 and Cam 3. The large uncertainties in the results of meteors obser
by Cam 2 is mainly due to astrometry, as can be seen in Section 7.1.2t might be
possible to increase the agreement between the meteors obged by both Cam 1 and

Cam 2 by re-calculating the astrometric transformation with di erent constraints.

The double station meteors from Cam 1 and Cam 3 are compiled into a catalogue
of meteors as shown in Appendix B. The catalogue includes ugue ID, date and time
of meteor occurrence (in Cam 1 and Cam 3), R.A. and Dec. of the radiant, V1
as observed by Armagh and Bangor, and nally the orbital elenents o, a, €, i, , !
and M,. The meteors from Cam 2 were not included in the lists, as the astrometric
precision requires further improvement to reach the same el of precision as the results
obtained from the meteors observed by the other two camerasThe meteors observed
by both Cam 1 and Cam 3 are denoted by \ * " in the ID, and all the results are mean

of the result computed from two di erent cameras combination (ie Cam 1/Cam 4 and
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Figure 7.26 : Dierence of V; for meteors observed by Cam 1 and Cam 2.

Cam 3/Cam 4).

The radiant and velocities of the double station meteors fran this catalogue are
shown in Figs. 7.27 - 7.33. The R.A. is shown in Y-axis, Dec. inX-axis and the
velocities are indicated by colours. One of the obvious congsions derived from these
gures is that most of the meteors are sporadics and are sprahout in radiant and

velocity compared to the shower meteors which are clusteretbgether.

Fig 7.29 (month of August) shows a big gap in the middle with vey few meteors.
This is because of the position of the Sun. The Sun is located diween R.A. 130,
Dec. +18 (1%t Aug.) and R.A. 159, Dec. +8.6 (315t Aug.) in the month of
August. Similar gaps can be seen in Figs. 7.30 - 7.33. The pdigin of the Sun on other
months are September (R.A. 172, Dec. +3 ), October (R.A. 200, Dec. 8),
November(R.A. 230, Dec. 18 ) and December (R.A. 262, Dec. 23).
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Figure 7.27 : Double station meteors for the months of Jan-Mar. A major meeor
shower in this plot is the Quadrantids (QUA; R.A.= 230 , Dec = +49 ,V; =41 km
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Figure 7.28 . Double station meteors for the months of Apr-Jul. A major meteor
shower in this plot is the Perseids (PER; R.A.= 46 , Dec = +58 ,V; =59kms 1)
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Figure 7.29 : Double station meteors for August. A major meteor shower inthis plot
is the Perseids (PER; R.A.= 46 , Dec = +58 ,V; =59 kms 1)
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Figure 7.31 : Double station meteors for October. Major meteor showersn this plot
are the Orionids (R.A.=95 , Dec =+16 ,V; =66 kms 1), Northern Taurids (R.A.=

58, Dec = +22 , V1 =29 km s 1) and Southern Taurids (STA; R.A.= 52 , Dec =
+13 ,Vy =27kms 1)
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Figure 7.32 : Double station meteors for November. Major meteor shower this plot
are the Leonids (LEO; R.A.= 153 , Dec = +22 ,V; =71 km s 1), Northern Taurids
(NTA; RA=58 ,Dec=+22 ,V; =29 kms 1) and Southern Taurids (STA; R.A.=
52 ,Dec =+13 ,V; =27 kms 1)
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Figure 7.33 : Double station meteors for December. Major meteor showers this plot
are the Geminids (R.A.= 112 , Dec = +33 , V; =35 km s 1), Ursids (R.A.= 217 ,

Dec =+76 ,V; =33 kms 1Y)
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7.5 Geminids

Figure 7.33 shows the double station meteors for the month oDecember, which is
one of the more active months with regard to meteor showers,nicluding the Ursids,

-Orionids, December Monocerotids to name a few. The Geminisl are denoted by the
sky blue cluster (Velocity = 30 35 km s 1) at approximately R.A. = 110 and Dec =
33 . There were 9, 6, and 10 (total of 25) double station Geminidsobserved during the
year 2005, 2006 and 2007 respectively. The date for these Gemnds ranges from 12 15

December for all three years.
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Figure 7.34 : V1 distribution for Geminids.

The distribution of the V ; estimates is shown in Fig. 7.34. More than 80% of the
Geminids have V;, between 30 and 34 km s®. The peak V; is 32 km s ! which
is slightly less compared to the IMO values (35 km s'). The mean of V; computed
from each station individually are 31.7 km s ! and 32.3 km s * for Armagh and Bangor

stations respectively, which shows the velocity agreemerbetween the two stations. The
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geocentric velocities \§ ranges from 32.5 - 34.6 km st as compiled from various sources
(in Table 7) by Jenniskens (2006). The range of velocities oGeminids might be one of

the possible reason for a di erence of 3 km s ! compared with the IMO values.

R.A. (deg) Dec.(deg) Vi (kms 1)

Observed 111.91.8 +33.4 1.0 320 1.6
IMO 112 +33 35

Table 7.7 : Radiant and V1 of Geminids.
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Figure 7.35 : Radiant drift of Geminids. Y axis shows R.A. 100 and Dec. denoted
by + and respectively. X-axis shows the normalised time.

The mean of the observed R.A. and Dec. of the radiant and the ¥ are compared
with the results obtained from the 2005 IMO calendar® as shown in Table 7.7. The
R.A. and Dec. of the radiant are in very good agreement with ttose from the IMO
calendar. The comparably high standard deviations in R.A. and Dec. is due to the

radiant drift.

2 http://www.imo.net/calendar/2007
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Figure 7.35 shows the 9 Geminids observed during the year 260 The R.A. 100
and Dec., denotes by and +, are shown in Y-axis in degrees. The X-axis shows the
normalised time in days (with the rst detected Geminid as Ti me = 0.0). Out of the
9 Geminids, 7 were observed in one night and 2 on the second mig The drift in the
radiant is not obvious from this Fig. A regression t estimat es % = 2.4 /day and
Dec —

—t— = 0.40 /day. Given the small size of the sample, the trend of the drit agrees

with BA- =10 /day and B¢ = 0.15 /day as given by Jenniskens (2006).

% (AV) e i (deg) (deg) ! (deg)
Geminids 0.159 0.01 0.8630.02 21.7 3 260.7 1 3244 1
3200 Phaethon ~ 0.139 0.889 221 2653 3220

Table 7.8 : Orbital elements of Geminids and 3200 Phaethon.

The median values of the orbital elements of the 25 Geminids @ compared to its
parent 3200 Phaethon (JPL Small-Body Databasé’) in Table 7.8. There is a good
agreement between the orbital elements of the Geminid metgoshower computed by
SPARVM and Phaethon in the perihelion distance (qy), eccentricity (€) and inclination

(1), the longitude of ascending node () and argument of perihdion (! ).

7.6 Finding parent objects

Established meteor showers from the IAU meteor database wit an unknown or un-
veri ed parent were searched among the meteors from the calague of double station
meteors. The meteors were identi ed as shower meteors depding on their radiant,
velocity and time of occurrence. Out of the total 22 meteor stowers searched, there was
a single meteor identi ed as a South -Aquariid, -Cygnids, -Virginids, Dec. Leonis

Minorids, Nov. Orionids and 3 meteors identi ed as -Hydrids.

Comets from \Catalogue of Cometary Orbits" (Marsden & Willi ams, 2008) were

2T http://ssd.jpl.nasa.gov/sbdb.cgi#top
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G (AU) e i(deg) (deg) ! (deg)
South -Aquariid 0.0729 0.9728 28.2 300.8 151.6
C/1733 K1 0.1029 1.0 23.7 271.0 187.8
C/1816 B1 0.0485 1.0 43.1 325.8 304.3
C/1961 O1 0.0401 0.9999 242 98.9 270.7
-Cygnid 0.9933 0.6793 33.2 147.0 190.4
2008 ED69 0.7224 0.7496  36.2 149.8 172.7
2001 MG1 0.8932 0.6433 284 142.4 218.3
2004 LA12 0.6332 0.7478 394 159.2 199.4
177P 1.1077 0.9541 311 60.2 272.2
-Hydrids#1 0.2297 0.9608 126.9 80.0 124.9
-Hydrids#2 0.2219 0.9839 1245 81.1 124.8
-Hydrids#3 0.2467 0.9664 124.6 78.9 122.8
C/1787 G1 0.3489 1.0 131.7 109.8 99.1
C/1902 R1 0.4010 0.9999 156.3 50.7 152.9
-Virginid 0.7168 0.6348 0.6 14.4 254.7
1998 SH2 0.7601 0.7188 2.4 14.2 259.9

Dec. Leonis Minorid 0.5316 0.8495 131.6 260.0 271.6

C/1959 Y1 0.5043 1.0001 159.6 252.6 306.6
Nov. Orionid 0.1170 09728 24.7 64.7 142.2
C/1743 X1 0.2222 1.0 47.1 49.2 151.4
C/1917 F1 0.1901 0.9931 32.6 88.6 121.3

Table 7.9 : Orbital elements of established shower with unknown or unare parent
objects compared with those of possible parents.

searched for possible associations with these meteor shaweThe orbital elements of

some of the asteroids (from JPL Small-body database) are atscompared.

Table 7.9 compares the orbital elements of these meteoroidwith those of their
possible parent comets. The South-Aquariids have an orbit similar to that of C/1733

K1in ¢, eandi but dier by about 30 in both and !.

The -Cygnids have been associated with 2008 ED69 by Jenniskens ¥aubaillon
(2008). The shower is further studied by Trigo-Rodriguez etal. (2009) concluding

that more observational data and studies of the physical paameters are needed before
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excluding 2001 MG1 and 2004 LA12, as parents of the-Cygnid stream. Tikhomirova
(2007) suggests that comet 177P is the parent of the -Cygnids. Identi cation of the
parent of the -Cygnid is not obvious from this comparison, as more data is seded

such as the spread of the meteor stream in any particular diretion.

The orbits of the 3 -Hydrids are compared with C/1787 G1 and C/1902 R1. Only
some of the orbital parameters are in agreement. So these twobjects seem to be
unlikely parents for the -Hydrids. A suitable candidate might be found if the search

is extended to objects other than comets.

Christou (2004) indicated the possibility of 1998 SH2 as theparent object of -
Virginids. One double station -Virginid was observed on 2007/04/05 at 01:00:09 UT.
The meteor emanated from a radiant of R.A. = 187.3 and Dec. = 3.26 withV; =
17.4 2.3 km s 1. The orbital elements of the -Virginids is in good agreement with
that of the asteroid 1998 SH2 as shown in Table 7.9. Thus, 1998H2 is a possible

parent object of the -Virginids.

Only orbital similarity is not su cient to relate meteor str eams with their parent
objects. Due to large number of NEOs discovered, the probabty of two orbits being
similar at the present time by coincidence is high. So more méods such as investiga-
tion of the evolution of the orbits (Porulran et al., 2004) or comparison of the physical
properties of the object and the meteoroid stream (Jewitt & Hsieh, 2006) is required

to fully con rm a parent object.

Some elements of the orbit of Dec. Leonis Minorids are similato those of C/1959
Y1. Similarly, C/1743 X1 and C/1917 F1 (the later also the parent of the December

Monocerotids) are possible candidates for the parent of théNov. Orionids.




Chapter 8

The 2007 Aurigid outburst

8.1 Introduction

The -Aurigid annual shower is one of the less active showers, andccurs from about
25" August to 8" September every year. The maximum activity occurs at solar on-
gitude = 158.6 (31st Aug. - 1st Sep.). Though the Zenithal Hourly Rate (ZHR) is
only 7, the population index r = 2.6 and velocity at in nity V. 1 =66 km s ! (Dubietis

& Arlt, 2002) produces bright and fast meteors.

The -Aurigid shower is so named because the meteors emanate fromradiant near
the star Capella ( Aurigae). Capella is the brightest star in this constellation. There
exist additional Aurigid showers, namely Aurigids, Aurigids, Aurigids etc.

where meteors radiate from the , , stars respectively.

The Aurigids have a known parent comet called C/1911 N1 (Kiess).Long period
comet Kiess, which was discovered in July 1911 (Kiess et alL911), has a near parabolic
orbit and takes more than 2000 years to complete one revolutin around the Sun. Very

little is known about the comet itself as it was observed for mly 71 days.

137
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1994 1986 1935

Date Sep. 01 Sep. 01 Sep. 01
Time [UT] 7:54 01:22 03:04
FWHM (min) 30 28 7 31 13

ZHR 200 25 200 25 100
R.A. (J2000) - 90.5 86.3

Dec. (J200) - +34.6  +40.5
<mag.> +1.13 +0.54 +2.62

Table 8.1 : Past Aurigid Outbursts

8.1.1 Past Aurigid Outbursts

Outbursts of the Aurigid shower were observed visually by clance in 1935 (Teich-
graeber, 1935; Guth, 1936), 1986 (Tepliczky, 1987) and 199%ay & Lunsford, 1994).
Table 8.1 shows the date, time, full width at half maximum (FW HM) of the outburst
pro le, Right Ascension (R.A.) and Declination (Dec.) of th e radiant, and the aver-
age magnitude<mag> of the Aurigids observed (Jenniskens & Vaubaillon, 2007a).
All these outbursts had ZHR greater than 100, and were rich inbright meteors. The
FWHM of the outburst was 30 minutes. Zay & Lunsford (1994) described the 1994
Aurigids as having greenish or bluish colour, perhaps due tgtrong iron and magnesium
ablation, which in turn would suggest di erent particle mor phology compared to the

annual Aurigid shower.

It is important to note that these three outbursts were observed by chance, and thus
no detailed information has been recorded. All the observabns were visual, carried
out by a few observers. Even though there is no doubt about theoccurrence of these
outbursts, these results might have large uncertainties gien the circumstances and the

observing methods used.
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8.1.2 Prediction for the 2007 Outburst

The recent model by Jenniskens & Vaubaillon (2007a), here#&ér referred to as JVa,
reproduced all these past outbursts (1935, 1986 and 1994) dnin addition, predicted
one on P! September 2007. The model used 1,000,000 meteoroids ejetteom the
comet's back-projected perihelion passage in 80 BC and tr&ed their evolution in time.
Although there is some uncertainty in the orbit of this comet, the precise position of the
dust trail is not sensitive to the adopted perihelion time since planetary perturbations

occur only on the inward leg of the orbit (JVa).

2007 Aurigid outburst

Date 15t September 2007
Peak time 11:36 20 UT
FWHM 0.42 h

ZHR 200 25
R.A. 92
Dec. +39

Velocity 67 kms 1

Table 8.2 : Prediction made for 2007 Aurigid outburst by Jenniskens & Vaubaillon
(2007a)

Figure 8.1 shows the position of the nodes of the 1-revolutio Aurigid meteoroids
(JVa, 2007). The dots on the plot are meteoroids at the momentof passing through
the ecliptic plane, and the line passing through is the Earths orbit. Table 8.2 shows
the predictions made for the 2007 -Aurigid outburst. The model predicted a peak
time of 11:36 20 min UT, best seen from locations in Mexico, and the westermarts of
Canada and the United States. The modelled time for the peaks 1, 16 and 7 minutes
earlier for the outbursts in 1994, 1986 and 1935 respectivel So, the prediction made
in advance of the 2007 outburst carried with it an uncertainty of about 20 minutes.
The shower was predicted to last about 1.5 hours, reaching a peak Zenithal Hourly
Rate (ZHR) of 200 over a short (10-minute) interval. The meteors were preatted

to emanate with a speed of 67 km s! from a radiant at Right Ascension (R.A.) =
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Figure 8.1 : Position of the node of the model 1-revolution Aurigid stream particle
trail. Source: Jenniskens & Vaubaillon (2007a)

92 and Declination (Dec.) = +39 (J2000). Like past Aurigid outbursts, this one
was predicted to be rich in bright, 3 to +3 magnitude, meteors with few faint ones.
This is the rst prediction made prior to a meteor outburst du e to dust ejected from a

known long period comet.
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8.1.3 Scienti ¢ signi cance

Very little scienti ¢ information was recorded during the p ast Aurigid outbursts. The
outburst in 2007 provided the opportunity to use modern instruments to gather a wide
range of data pertaining to the physical and dynamical propeties of a long-period

comet and its constituent matter.

Only one outburst from a long period comet's dust trail, that of the -Monocerotids
in 1995, has been observed by modern instruments (Jenniskeret al., 1997). These
meteoroids, whose parent object is still unknown, were foud to be low in volatile
elements such as sodium (Borovcka et al., 2002), comparedo the meteoroids from
short period comets. One possible hypothesis is that becaasof the infrequent visit
of long period comets to the inner solar system, the meteords ejected from these
comets could originate from their pristine crusts, possiby exposed to cosmic rays in
the Oort cloud (Jenniskens et al., 1997). Thus, Aurigid meteroids detected in 2007
could provide us with new information on the properties of long period comets and

their surroundings.

8.2 Observations

We (Atreya & Christou, 2009) observed the 2007 Aurigid outburst from San Francisco,
USA, as part of the observation campaign organised by Dr. Petr Jenniskens (NASA
Ames Research Centre, USA). Two observing stations were saip, one at Fremont
Peak and the other at Lick Observatory, 68 km apart, suitable for double station
observations. Table 8.3 shows the latitude, longitude and Hitude of these two locations.
Fig. 8.2 shows a schematic of the double station geometry fro these two locations in

California.

Two WaTec 902DM2s video cameras were used, which are simildo the ones oper-

ating in Armagh Observatory (Atreya & Christou, 2008). The c ameras were connected




8.2 Observations 142

Figure 8.2 : Schematic of double station setup in California.

Fremont Peak Observatory Lick Observatory

Latitude 36 45°N 37 21I°N
Longitude 121 29°W 121 38 W
Altitude 900 m 1283 m

Table 8.3 : Observing station in California.

with a laptop computer and meteors were recorded using théJFO Capture V2.0 soft-
ware?®. In addition two camcorders, equipped with image intensi ers, were provided
by the organiser to operate from Lick Observatory. The groupat Fremont Peak was
joined by a team from Germany (Bernd Brinkmann & Daniel Fisher) with two Mintron
cameras and using the software packag®letrec (Molau, 1999) to record meteors. The
speci ¢ details of all the cameras are listed in Table 8.4. Heeafter, the ID ( rst column)

will be used to denote the speci c cameras.

Figure 8.3 (i) shows an example of an Aurigid observed at 11(R01 UT by Watec
Camera (Cam 5) from Lick Observatory. Similarly, Fig. 8.3 (ii) shows an Aurigid at
11:04:36 UT observed by camcorder with image intensi er (ICAMSW) at Lick Obser-
vatory and Fig. 8.3 (iii) shows an example of an Aurigid obseved at 12:02:40 from

Lick Observatory by Mintron camera (Bernd). The use of di er ent types of cameras

2 http://sonotaco.com/e _index.html
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ID Model & Lens FOvV Software

Fremont Peak

Cam 5 Watec 902DM2s & f0.8, 8.0 mm 39 x 27 UFO Capture V2.0
Daniel Mintron & f0.8, 6.0 mm 58 x40 Metrec
Bernd Mintron & f0.8, 6.0 mm 58 x40 Metrec

Lick Observatory

Cam 6 Watec 902DM2s & f0.8, 3.8 mm 82 x 55 UFO Capture V2.0
ICAMSE Image Intensi er + camcorder 30 x30 {
ICAMSW Image Intensi er + camcorder 30 x30 {

Table 8.4 : Speci cations of cameras used at Fremont Peak and Lick Obgeatory.

and software reduces any biases such as a particular camerbging sensitive to faint

meteors or systematic errors of the recording and processinsoftware packages.

Our observations lasted for more than 3 hours, starting from9:00 UT until 12:30 UT
(ie until 6:30 am local time). The sky was clear, but the gibbais phase moon was high
( 69 at 11:30 UT). However, the Aurigids were expected to be brighand the cameras

were pointed away from the moon during the expected peak timeof the outburst.

8.3 Data Reduction

Meteors from the Mintron cameras were analysed by the Germarmgroup using Metrec
(Molau, 1999). The time, radiant position (RA, Dec) and apparent magnitudes were
computed by Metrec. The software also distinguished whethesingle station meteors
belonged to the sporadic background or to the Aurigids. Thisinformation was incor-
porated in SPARVM for double station analysis and computation of orbital elements.
The spectral sensitivity of the image intensi ed cameras isdi erent than that of the

CCD video cameras. The current version of SPARVM is not optimised for photometric

reduction of meteors recorded by the image intensi ed cameas. Hence meteor events
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Figure 8.3 : Aurigid observed at (i) 11:30:01 UT from Cam 5, (ii) 11:04:36 UT from
ICAMSW and (iii) 12:02:40 UT from Bernd
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recorded by these cameras were not reduced photometrically

Atmospheric Extinction, Fremont Peak
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Figure 8.4 : Instrumental magnitude of several stars throughout the olserving duration
at Fremont Peak

Figure 8.4 shows the change in instrumental magnitude of stes as a function of
altitude at Fremont Peak Observatory (Cam 5). The instrumental magnitude of sev-
eral stars were calculated during the time of the observatio. The relatively straight
lines, with variation of only 0.2 mag, show that the observing conditions remained the
same throughout the night. It was also surprising that there was little change in the
instrumental magnitude of the stars at various altitudes. Generally, the instrumental
magnitude of a star becomes less bright with a decrease in dtide; as the light has to
travel a longer distance through the atmosphere near the hdazon compared with the
zenith. Similar results was obtained from Lick Observatory Thus no correction for

atmospheric extinction was made.

Figure 8.5 shows the relation between instrumental and visal magnitude for stars

in the meteor videos from Cam 5. The photometric calibration is done separately for
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Figure 8.5 : Transformation between Instrumental and Visual magnitude

each meteor video. A least square line was tted for 21 stars ith an rms of 0.172 mag.
Similar values for the rms (0.2 mag.) were obtained for other meteors from Cam5

and Cam 6. Thus, the uncertainty for the photometric transformatio n was 0.2 mag.

Equation 8.1 shows the transformation between instrumentd magnitude of Cam 5
and Visual magnitude (Optical Johnson V band, 500 600 nm) for a meteor recorded
at 07:30:50 UT. The rst value (9.660) gives the o set between two magnitude systems.
Ideally, a change in instrumental magnitude should equal a bange in visual magnitude,
and thus the slope of the t should be 1.0. However, due to uncdainties, the slope
for this meteor is 0.9228. Similar transformation equatiors were calculated for other

meteors from Cam 5 and Cam 6.

Vimag = 9:660 +0:9228 | maqg (8.1)
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Figure 8.6 : Metrec and SPARVM comparison of position and magnitude

Figure 8.6 shows the comparison between photometric redumn using Metrec and
SPARVM software. An Aurigid at 11:30:01 UT was recorded by bdh Daniel and
Cam 5 at Fremont Peak. The top left plot compares the best-t traj ectories (R.A.
and Dec.) of the meteor. The top right plot compares the two Visual magnitude (Vimag)
pro les. The bottom two plots compare Vmag With respect to the R.A. and Dec. The

R.A., Dec. and Vmnag computed from two di erent cameras and software agree with
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each other. The dierence in time was corrected by overlappng the peak of the light
curve of a number of meteors from both cameras. The only di eence is inVy,g. at the
beginning and the end of the light curve, which could not be acounted for by the 0.2
mag uncertainty. The accuracy of Metrec magnitude is not known. Also interesting to
note is that, for this particular case, Metrec observed the Aurigid only down to +3.4

mag, while SPARVM recorded it much fainter, down to +4.6 mag.
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Figure 8.7 : Absolute magnitude comparison between four cameras for a ateor
recorded at 12:14:18 UT

Figure 8.7 compares the absolute magnitude between DanieBernd, Cam 5 and
Cam 6 for a meteor recorded at 12:14:18 UT. The maximum brightnes of all four
cameras are within 0.13 mag., which is comparable to the estiated photometric un-
certainty of 0.2 mag. However, there are large variations, p to 1.0 mag, between
the light curves at various times. It is interesting to note the di erence between Bernd
and Daniel, which used the same camera and processing softveaand were at the same
location. Bernd and Cam 5 light curves agree with each other. The light curves of
Cam 5 and Cam 6, both processed by SPARVM software, shows good agreemertrf
the rst three frames. It is important to note that Cam 6 was located at Lick Obser-

vatory, while the other three cameras were located at FremonPeak. Also, compared
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to all the other cameras, Cam 6 was most a ected by moonlight. Moon and ambient
sky brightness at the di erent locations could have resulted in underestimating the

brightness of the meteor in the last frame for Cam 6.

8.4 Results

8.4.1 Outburst Prole

Aurigids from Lick Obs. and Fremont Peak Obs.
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Figure 8.8 : Observed Aurigid counts for 10 min(Red-bold) and 5 min(Green-dashed)
interval from Lick and Fremont Peak Observatory.

Figure 8.8 shows the Aurigid count combined from all six cameas from both stations.
The 10 min interval counts shows that the peak occurred betwen 11:10 - 11:20 UT.
Jenniskens & Vaubaillon (2007b) came to a similar conclusio, giving a peak time of
11:15 5 min UT. Similarly, the visual observers (Rendtel, 2007) otserved a peak time

of 11:20 3 min UT. The predicted time for the outburst was 11:36 20 min UT (JVa,
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2007). As the past Aurigid outbursts was observed prior to the modelled prediction, a
peak time of 11:15 UT for the 2007 Aurigid outbursts is consitent with this empirical

correction to the model predictions.

A peak of ZHR = 136 26 was computed based on counts over ve-minute interval
(Rendtel, 2007). Similarly, ZHR 100 was calculated from the airborne observations
(Jenniskens & Vaubaillon, 2007b). Both these ZHR estimatesare short of the predicted
200 25. One of the reasons could be that the Earth did not pass thragh the exact
centre of the dust trail, as the peak occurred 20 min. prior to the predicted time.
However, since the annual -Aurigids have ZHR= 7 1 (Dubietis & Arlt, 2002), the

enhancement was very signi cant.

8.4.2 Radiant and Velocity

There has been some confusion regarding the radiant of the- and the -Aurigids
(Habuda, 2007). The annual Aurigid shower (IAU shower code # 206), or more pre-
cisely the -Aurigids, has a radiant at®® R.A. = 84 and Dec. = 42 or R.A. = 85.5
and Dec. =42 (Cook, 1973). The past Aurigid outbursts appeared from a sightly
di erent radiant referred to as -Aurigids (Jenniskens, 1995). The meteors from these
outbursts, including the one in 2007 September, are known athe -Aurigids, while the

annual shower meteors are called -Aurigids.

Five double station Aurigids were successfully detected fsim Lick Observatory and
Fremont Peak, from a combined four cameras used by the autha;, and two from the
German group. Two of the double station Aurigids were also okerved with a third

camera, thus increasing the con dence in the radiant and orlit solution.

The radiant of the observed -Aurigid outburst, annual -Aurigid shower and the
predicted radiant for the outburst are shown in Fig. 8.9. The measured values are also

shown in Table 8.5 (columns 3-4). The median values for the rdiant of the outburst

0 http://www.imo.net
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Figure 8.9 : Radiant of Observed -Aurigids, the predicted radiant for the outburst,
and the annual -Aurigid shower.

are R.A.=90.87 and Dec. =+39.00 , with the observed R.A. of the radiant 1 lower
than that of the prediction of JVa. Four of the Aurigids seem to form a compact radiant
while one of the Aurigidsis 1 further apart away, towards the direction of the annual
Aurigid radiant. With only 5 points, it is di cult to specula te on the reason for the
outlier. The observational accuracy of the radiant is 0.03 and thus cannot account for

it. One possibility could be a slightly di use radiant of 2 in diameter.

Double station analysis allows the precise computation of mteor position and veloc-
ity vectors from which their heliocentric orbital elements can be worked out. Table 8.5
compares the results for the ve double station Aurigids with the time of occurrence
(in UT), Camera used for Fremont Peak (FP) and Lick Observatory (LO), R.A. and
Dec. of the radiant, Velocity at innity (V 1) and (V% ) observed from FP and LO

respectively, and the annual -Aurigid shower.

The Aurigids at 11:30:01 UT and 12:02:40 UT were observed by 8i erent cameras,

providing an opportunity to estimate the con dence in the results produced. The
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Time FP/LO RA Dec Vi V?
[UT] [deg] [deg] [km s 1] [km s 1]

10:53:31 Bernd/ICAMSW 89:44 0.03 +40:13 003 670 1.4 679 24
10:55:50 Bernd/ICAMSW 90:87 0:03 +39:.00 0:03 655 1.3 675 3.0
11:04:36 Bernd/ICAMSW 91:44 0.02 +38:84 002 667 08 679 26
11:30:01 Daniel/Cam 6 9090 0:11 +39:13 010 625 76 657 1.7

Cam 5/Cam 6 9083 027 +39:11 006 635 28 662 17
12:02:40 Bernd/Cam 6 9113 0:10 +38:97 009 653 7.7 687 34

Daniel/Cam 6 9119 0:10 +38:97 009 672 118 686 34

Annual -Aurigid 85.5 +42.0 66.3 -

Table 8.5 : Radiant and Velocity of Aurigids

dierence in RAis 0.07 and in Dec is 0.02 for both Aurigids. This shows that
the estimation of the radiant is fairly robust. The dierenc e in V1; computed from
two di erent camera pairs is 1.0 km s 1 (11:30:01) and 1.9 km s?! (12:02:40). The
di erence between the V; observed at FP (V1; ) and LO (V21 )is 1-3km st It
is also important to point out that some of these velocities rave large errors, such
as the 12:02:40 (Daniel/Cam 6) Aurigid (uncertainty of 11.8 km s * for V11 ). The
velocities are calculated using each measured point alondhée track of the meteor, and
the uncertainties in V1 are due to the dispersion of the calculated velocities betwen

each observed points.

The median values for the radiant of the outburst R.A. =90.87 and Dec = +39.00
were consistent with the prediction. The median V; computed (67.0 1.4 km s 1) was

in good agreement with the predicted value of 67 km s?.

8.4.3 Heights

Table 8.6 shows the time (UT), beginning height (Hy), terminal height (H¢), height
of maximum brightness (Hmax ) and the brightest magnitude Myax . The Aurigid at
11:04:36 UT exited the eld of view while its brightness is sill increasing, thus only

upper limits for Hmnax and He can be estimated for this meteor. The H, quantity
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depends strongly on the limiting magnitude of the camera andthe threshold detection

limit of the software.

Time Hp He Hmax  Mmax
[UT] [km] [km] [km]

10:53:31 120.87 96.71 100.55 1.0
10:55:50 119.90 97.24 106.72 0.6
11:04:36 >112.9 116.46 +0.6
11:30:01 119.95 9255 10440 0.6
12:02:40 125.27 94.04 100.83 3.4

Table 8.6 : Heights of Aurigids

The median values for the beginning height (}=120.87 km), the height of maximum
brightness (Hmax =101.40 km) and the terminal height (H¢=96.71 km) are comparable
to those of the Leonids Hp = 120:0 3:5km, Hmax =106:9 3:8kmandH,=96:5 3.7
km) given in Koten et al. (2004). The Aurigid observed at 12:®:40 is the brightest

meteor with an My ax of 3.4.

The outburst of the -Monocerotids observed in 1995 had meteors which penetratie
5 km deeper into the atmosphere compared to meteors of the sagrbrightness, velocity
and entry angle. It had been suggested that this was due to théack of volatile elements
such as sodium in the meteoroids (Jenniskens et al., 1997). dwever, the terminal
heights of the observed Aurigids were comparable to those ofther meteor showers.
With observed value of He  92.55 km, there was no sign of Aurigids penetrating deep

into the atmosphere.

The Hy, of the Aurigid at 11:04:36 UT , 137.1 km, is signi cantly higher compared
to 120-125 km for the remaining four double station Aurigids This meteor is the rst

high altitude Aurigid (H > 130 km) recorded (see section 8.5 for details).
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8.4.4 Orbital Elements

The orbital elements of the Aurigids are given in Table 8.7. These are perihelion
distance (g), semi major axis (a), inclination (i), longitu de of the ascending node (),
argument of perihelion (! ), and mean anomaly (M,). These are compared with those

of the annual showe?! and the parent comet C/1911 N1 (Kiess}?.

Time q 1l/a i ! Mg

[UT] [AU] [AU ']  [deg] [deg] [deg] [deq]
10:53:31 0.714 0.119 147.698 158.526 116.805 1.422
10:55:50 0.669 0.045 148.988 158.528 110.232 1.018
11:04:36 0.670 0.127 149.400 158.534 111.484 1.656
11:30:01 0.638 0.128 147.884 158.551 103.876 2.869
12:02:40 0.680 0.137 149.216 158.572 112.601 2.456
Annual Shower 0.802 146.4 158.978 121.5

Comet Kiess 0.684 0.005 148.421 158.978 110.378 0.037

Table 8.7 : Osculating orbital elements of Aurigids

These orbits are highly eccentric, making it di cult to comp ute the semi-major axis
accurately. It is very sensitive to the geocentric velocity so even a small uncertainty
in this quantity results in a large uncertainty in semi-major axis. So these meteors
are not hyperbolic (due to negative Ea), but has large uncertainty in semi-major axis.
All other orbital elements of the Aurigid dust trail are in go od agreement with that of
their parent comet Kiess. The dispersion in the inclination of the meteoroids is low,
only 2. The median value of i=148.988 is in very good agreement with the parent
comet's 148.421 (compared to that of the annual shower 146.4). The values of
for all ve meteoroids are consistent, increasing with UT asexpected. The meteoroids
seem to be spread in , with a standard deviation of 4.68 . The median value of! =
111.484 is in good agreement with that of parent comet's! = 110.378 , whereas!
of the annual shower is 121.5, signi cantly higher than that of the observed outburst.

The close resemblance between the orbital elements of the ot Kiess and the observed

31 Jenniskens, (2006)
%2 http://ssd.jpl.nasa.gov/
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ve double station Aurigids strongly suggests that these meeoroids were indeed ejected
from Kiess 2000 years ago. The di erence of the orbital elements of the @7 outburst
from the annual shower also demonstrates the existence of agdinct component within

the Kiess debris stream.

8.4.5 Photometry

The maximum (ie peak brightness) visual magnitude Myax (Optical Johnson V band,
500-600 nm) of the double station meteors is shown in column ®f Table 8.6. The
absolute magnitude of a meteor indicates its brightness ast iwould appear at a dis-
tance of 100 km in the direction of the zenith. For single staton meteors, their exact
height is not known, so a height at maximum brightness of 103 3 km is assumed as
calculated from the double station Aurigids. The error caused by this is 0.12 mag-
nitude, somewhat less than our photometric uncertainties ( 0.2 mag). The absolute
magnitude distribution for the Aurigids and the sporadics are shown in Fig. 8.10. The
meteors observed by the image-intensi ed camcorders wereah included in this plot,
as the spectral sensitivity of these cameras is dierent tha that of the CCD video
cameras (WaTec and Mintron). The sporadic background was abndant in meteors
with magnitude +0.5 to +2.5. In contrast, the Aurigid outbur st was abundant in
brighter, 2.0 to 1 magnitude meteors. There were 14 Aurigids recordedrighter than
a magnitude of 1.0, that of the brightest sporadic recorded. The brightest Aurigid,
recorded at 12:02:40 UT, was of magnitude 3.4. Similar to past Aurigid outbursts,
the 2007 outburst was rich in bright meteors. Jenniskens & Vabaillon (2007b) also
reported an observed abundance of bright, 2 to +3 magnitude meteors from airborne

observations.
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Figure 8.10 : Absolute magnitude distribution of Aurigids (Red-bold li ne) and Spo-
radics (blue-dashed line).

8.5 Discussion

Our observations of the 2007 Aurigid meteor outburst are cosistent with most of the
predictions made by JVa. However, the terminal heights of tre meteoroids H were not
as low as expected by JVa. This suggests that the 2007 Aurigidutburst was di erent
in some way to the 1995 -Monocerotids, even though they are both caused by ejecta

from long-period comets.

The Hy, of the Aurigid recorded at 11:04:36 UT is signi cantly higher than those of
the other four Aurigids. The Hy, of the 11:04:36 UT Aurigid observed by the Mintron
camera at Fremont Peak is 131.5 km, and by the image-intensied camcorder at Lick
Observatory is 137.1 km. This is because the image-intenséd camcorders are more
sensitive light detectors, as they recorded on average 3.7 times more meteors per unit
time and sky surface area than the Mintron cameras. The absoite magnitude of the

11:04:36 UT and 10:55:50 UT Aurigids, observed with the saméMintron camera at
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Figure 8.11 : Absolute magnitudes of 110436 and 105550 Aurigid.

Fremont Peak, plotted against height are shown in Fig. 8.11. The light curve of the
10:55:50 UT Aurigid is relatively smooth, whereas that of the 11:04:36 UT Aurigid
uctuates. This uctuation is similar to the high-altitude meteors studied by Koten
et al. (2001). The light curve shape and H of the high-altitude meteors could be
explained by taking into account sputtering from the meteoroid surface along with
the traditional ablation model (Vinkovc, 2007). Spurry et al. (2000) distinguished
three distinct phases of high altitude meteor radiation; (i) a di use phase with the
sputtering dominated region (above 130 km), (ii) the intermediate phase where both
processes contribute comparably (120 - 130 km) (iii) the \skarp" ablation phase where

the radiation is given solely by meteoroid ablation (below 120 km).

Koten et al. (2006) studied the beginning heights and light airves of high altitude
(>130 km) meteors, using double station data obtained at Ondejov/Kuurzak during
April 1998 May 2005. In addition, Leonids observed from various locatns from 1998

2001, including the major outbursts in the year 1999, 2000 ad 2001 were included.

Only 164 meteors, about 5%, had H, greater than 130 km. This emphasises the rare
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occurrence of high-altitude meteors. Also noteworthy is that 148 of those high altitude
meteors were Leonids, with only a tiny fraction (16) being Peseids, Lyrids, -Aquariids

or Sporadics.

Koten et al. (2006) give a relationship between maximum briditness M nax and

beginning heightsHy, as:

Hp= 35( 0:1) Mpax +124:4( 0:4) (8.2)

according to which any meteor brighter than magnitude 1.6 would have a beginning
height of 130 km or higher. There were in total 9 Aurigids obseved (out of 35 Aurigids)
with maximum magnitude brighter than 1.5, and thus these Aurigids could also have

Hy greater than 130 km, resembling the 11:04:36 Aurigid.

The 2007 Aurigid outburst is similar to the Leonids in that th ey both have similar
Hp, He, Hnax and contain high-altitude meteors. Leonids are among the fatest meteor
showers, with V; =71 km s 1. The parent comet of the Leonids, 55P/Tempel-Tuttle,
has a orbital period of 33.24 years. It is important to note that the comparison is not
being made with the annual Leonid shower, but rather with Lemids from 1998 2001,
including several outbursts. This points to a similarity between meteor outbursts due

to ejecta from short and long period comets.

The beginning height of cometary meteors increases with ineasing mass (Koten
et al., 2006). High altitude meteors correspond to meteorals that are loosely cohesive
and probably contain volatile elements such as Na which stas to ablate high in the
atmosphere. This suggests that the 2007 Aurigids were perlps rich in volatile elements,
such as Na, which causes bright and high altitude meteors. Sih volatile elements could
be still present in the 1-revolution ejecta as the meteoroid ejected from the comet at

the perihelion 2000 years ago have spent very little time in he inner solar system.
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8.6 Conclusions

The 2007 Aurigid meteor outburst occurred as predicted. Theobserved ZHR was
half of the predicted value. However, the predictions for pek activity time, radiant
and velocity were consistent with the observed values. Thes Aurigids were bright
as expected with 26 brighter than 0 magnitude. The close agmment between the
predicted and the observed parameters of this outburst higlights the advancement
in meteoroid ejection models from comets and their evolutio through time for up to

several millennia.

The trajectory of meteors were compared between dierent caneras to test the
SPARVM and Metrec software packages. The compactness of the radiant, veloo#s
and the good agreement of the orbital parameters of the outbtst Aurigids with that

of the parent object demonstrates the delity of SPARVM.

The Aurigid recorded at 11:04:36 UT is the rst high-altitud e Aurigid documented.
However, as inferred from the magnitude distribution, there should be more Aurigids

with similar beginning heights.

The Hp, He and Hyax of the 2007 Aurigid outburst are in close resemblance to thas
of Leonid outbursts. The identi cation of a high-altitude A urigid further strengthens
the case for similarity between outbursts from debris of lorg and short period comets.
The presence of a bright, high altitude meteor also suggestthe possibility of volatile

elements such as Na in these meteoroids.




Chapter 9

Conclusions and Future Work

9.1 Conclusions

A software package, SPARVM, was successfully developed, s&ed and used for the
reduction and analysis of video meteor records. It is a compglte package for analysing
video records with a focus on double station meteors. The acracy of the results
obtained is of publishable standard, and compares quite famurably to other available

software packages.

The meteor detection module discussed in Section 4.4 is abte compute the meteor
centre with sub-pixel accuracy. The median value for et was only 0.30 pixels from
the 6567 meteors from AOMD from Section 7.3. About 95% of the mteors had et
less than 3.0 pixels. Considering the large amount of meteorecords reduced, with
some of them being reballs and fragmenting meteors, the perentage of accurately
reduced meteors is quite high. The position of the meteor cdre transformed into
equatorial coordinates is compared withMetrec in Section 8.3. The good match of
the two meteor trajectories shows that the meteor positionsestimated by two di erent

software packages are in good agreement.

The Astrometry module discussed in Section 5.7 is also ableottransform position

160
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from image/video coordinates to standard coordinate systens with a sub-pixel accuracy.
About 90% of the meteor records from Cam 1 whose astrometric transformation was
computed had asvo less than 0.3 pixels. Even though it is typical to have sub-pxel
accuracy for astrometric transformation in professional atronomy, the result here was
obtained from o -the-shelf video cameras with inexpensiveCCDs. The photometric
transformation resulted in  ppoto Of 0.2 0.5 magnitudes, with the mean pnoto Of only
0.22 magnitudes. The magnitude estimated by SPARVM is also ompared with the
magnitude computed by Metrec in Section 8.3. Again, there was a reasonable agreement

between the two magnitude estimates.

The double station reduction and orbital element computation modules discussed
in Section 6.3 and 6.5 are also able to produce reliable resal This was shown by
comparing the computed orbit of an Ursid meteor with that from the IMO database
calendar and that of the parent comet 8P/Tuttle. The double station reduction module
was compared with two other software packagesUFO Orbit and KNVWS, in Section
6.4. The result of the comparison showed that SPARVM is as goo as, if not better than,
these two software packages. There is also agreement in thermputed parameters of the
Geminid shower from the meteor records of AOMD and those of tle IMO calendar and
parent 3200 Phaethon as seen in Section 7.5. Similarly the ogparison of the double
station results of Aurigids with the annual shower and the paent comet 1911 C/N1
(Kiess) shows that SPARVM is able to reduce and analyse metaovideos accurately

for mobile as well as xed stations.

Chapter 7 described the detailed testing of each individuamodule of the software on
a large data-set of 6567 meteor records. This showed both thebustness and exibility
of the software in reducing such a large data-set, as well asxposing its limitations,
where the software produces comparably high uncertainty. Buble station meteors
consist of observations from Cam 4 (Bangor) and one or more of Cam 1, Cam 2 and
Cam 3 (Armagh). The comparison between the double station metes observed by

both Cam 1 and Cam 3 showed very good agreement. There was a di erence of less
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than 3 in R.A. and Dec. in 87% and 95% of the meteors from these two caeras,
respectively. The velocity di erence of 80% of the meteors s less than 3 km s with

the median di erence value of only 0.885 km s?.

The reliability of the double station catalogue was checkedby analysing Geminid
meteors and comparing it with catalogue values. The compason of the orbital elements
of Geminid meteoroids with its parent 3200 Phaethon showed god agreement. The
orbital elements of six minor showers were with their possite parent candidate and
found that asteroid 1998 SH2 is a possible parent of -Virginid meteor shower. Only
orbital similarity is not enough to relate a parent object to a meteor stream, and thus
physical characteristics of 1998 SH2 should be compared witthose of the -Virginid

meteoroids.

A rather inconspicuous outcome of this thesis, albeit a veryimportant one, is the
level of automation of the software. All 6567 meteor recordscan be reduced by using
two routines (one in perl and one in IDL). This is essential because there are hundreds
of GB of data from di erent observers waiting to be reduced. The drawback of the
automation is that not all the meteors are reduced with the sane uncertainty. But
SPARVM is able to reliably reduce more than 80% of the meteors This is quite a high

percentage for a software to achieve on its rst release.

The software was successfully used for meteor records obsed from Northern Ire-
land and California. Meteors observed by cameras with di elent optics (focal lengths of
3.8 mm, 6.0 mm and 8.0 mm) and di erent versions of the capturesoftware (UFO Capture
V1.0 and V2.0) were reduced successfully. Even meteors olyged by cameras equipped
with image intensi ers (Aurigids) were reduced and analyseal (except photometrically).

This shows the degree of exibility of the SPARVM package.

In addition to the development of the software, the Armagh Observatory Meteor
Database (AOMD) was created. The database contains the redts of 6567 meteor
videos observed from di erent cameras and locations. SPARW can be used to reduce

meteor records from January 2008 onwards to increase the nuper of meteors in the
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AOMD. Furthermore, a list of publishable standard results obtained from analysing
457 double station meteors were compiled as shown in ApperndB. The research that

can be done using these results are shown in the Future Work s#on.

A detailed analysis of the 2007 Aurigids enabled us to con rmthat the outbursts oc-
curred at the predicted time of 11:15 5 UT. The comparison of the radiant of observed
Aurigids with those of the prediction and annual Aurigid rad iants suggests that the
2007 Aurigid outburst was caused due to debris ejected fromhte parent comet C/1911
N1 (Kiess) around 80 BC. The observed ZHR, however, was halffothe predicted
value. These Aurigids were bright as expected with 26 brigher than 0 magnitude. The
beginning and ending heights of these Aurigids resembled thse of Leonid outbursts
suggesting a similarity between outbursts from debris of lag and short period comets.
The Aurigid recorded at 11:04:36 UT is the rst high-altitud e Aurigid documented.
The presence of bright and high altitude meteors suggest thepossibility of volatile

elements such as sodium (Na) in these meteoroids.

9.2 Future Work

There are various lines along which the software can be impred in the future. The
detection of stars in a meteor video is very important and canbe improved further
by using advanced techniques of background reduction, or byncreasing the threshold
of the star detection limit. Other ways to improve astrometry and photometry are to
combine information from multiple videos, assuming that the cameras have not moved
signi cantly, and to compute one transformation from all th e meteor records. A current
limitation of the software is that it requires matching star s manually for the rst stage
in the astrometric transformations. This can be improved upon by using algorithms

that match the pattern of the stars without providing a prior i information.

The detection of the meteor centre can also be improved. Theantroiding algo-

rithm developed for this thesis could be used in combinationwith other centroiding
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algorithms. Modi cations can be made to analyse only part ofthe frames which would

allow for the detection of multiple meteors in one single vico.

The double station reduction and orbital element computation requires very little
modi cation in the future. That being said, the computation of the station-meteor
trajectory planes from two stations and its intersections @n be improved by using a
combination of di erent methods. Various parameters used n the computation such as
position and mass of the Earth and Sun should be up-to-date. Tie sphere of in uence
of Earth's gravitational eld is computed using only the gra vitational force of the Earth
and the Sun. But because the gravity of the Moon also a ects ths sphere, its inclusion

when calculating Earth's gravitational sphere can in principle improve the software.

The software should be tested for meteors recorded by di eret cameras and capture
methods. Di erent formats of videos and images should be usito test the exibility
of the software. Frames extracted by using a frame grabber dter than Mplayer should

also be tested.

A project to build a virtual observatory (VO) for meteoroids is well under way
(Koschny et al., 2009). The VO is categorised into di erent observation techniques
such as visual, radio, photographic and video. A dierent cdegory is set for double
station meteors and their orbital elements. The output format of SPARVM should
be modi ed as speci ed by the VO, so that single and double stdion meteor records

reduced by the software can be easily transferred to the Virial Observatory database.

SPARVM analysed 457 double station meteors with their occurence time, position
of the radiants, velocities, and orbital elements. This daibase can be used for di erent
types of research on meteors and the scienti ¢ importance othis reduced data is very
signi cant. Addressing all possible scienti ¢ uses of the AOMD is beyond the scope of
this work, but Section 7.6 searched for possible shower assations with parent objects.
In future this work could be extended using the orbits of all the near Earth objects.
The criteria for meteoroid stream identi cation such as Dy (Jopek et al., 1999), Dsy

(Southworth & Hawkins, 1963) and Dgr (Valsecchi et al., 1999) should be calculated
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which relates the appropriate distance between the two orlts.

The showers used were only those included in the \All list of stablished showers".
There are more showers with unknown parent bodies in \The woking list of showers"
and \The list of all showers". Comparing the orbits of these meteors with those of near

Earth objects and comets may reveal the parents of these shaws.

Another line of research would be to simply identify meteorsfrom new possible
showers. With the quantity of data available, new showers ca be identied. The
database contains many sporadic meteors and a detailed stydof their distribution
and a comparison with results from radar meteors would be a iteresting topic to

pursue.

Taurids & Orionids
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Figure 9.1 : Northern Taurids, Southern Taurids and Orionids.

The investigation of major showers is a popular research agedue to the availability
of a large number of meteors. Fig 9.1 shows two major shower gups, the Taurids

(blue) at RA = 50 and the Orionids (Orange) at R.A. = 150 . The Taurids are
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clustered in two separate groups on either side of Dec. = 20, the top one being the
Northern Taurids and the bottom one being the Southern Taurids. The meteors from
these two groups can be used to detect changes from year to yeas postulated by
Asher & Izumi (1998). Similarly, Orionids are one of the fasier meteor showers with
V; =66 kms 1. The light curves and beginning/terminal heights of Orionids can be

compared with those of slower meteors such as the Taurids.
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Appendix A

Watec CCD and Computar

Optics Speci cations

Figure A.1 : Technical speci cations of Watec (902DM2s) CCD used at Armagh Ob-
servatory.
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computar

HG0608FCS-HSP

6mm FO0.8
for 1/2 type Cameras, Aspherical High Speed Auto Iris DC Drive
CS-Mount
with Focus, w/o Amplifier
Model No. HGO0608FCS-HSP Effective ‘ Front ©23.0mm
Focal Length 6mm Lens Aperture ‘ Rear @16.1mm
Max. Aperture Ratio 1:0.8 Back Focal Length 9.11mm 12
Max. Image Format 6.4mm x 4.8mm(P8mm) Flange Back Length 12.5mm type
Operation Range | Iris F0.8 - F360C Mount CS-Mount
Focus 0.25m - Inf. Filter Size M40.5 P=0.5mm
Control Iris DC Auto Iris Dimensions @42mm x 56.8mm x 48.5mm
Focus Manual Weight 140g
Object Dimension at M.O.D. 27cm x 19.9cm
Angle of View D 1/2 type 68.5° 1/3 type 53.5° 1/4 type 40.8°
H 56.7° 43.4° 32.9°
\ 43.4° 32.9° 24.8°
Coil Drive 190Q
Control 1000Q
Operating Temperature —20°C - +50°C
M.O.D : Minimum Object Distance
Dimensions 11 218
Ccs
1-32 UNF
(@I |
(an
VAN L) 0
K 9 ‘ol 8l e
Q N Q <
7 © Q, Q
o
3V
[iii]
3.5
48.5 12.5|(IN AIR)
*:310mm cable is available =x : for B/W camera
Using with a B/W camera,
please use the attached
"B/W aberration compen-
sation filter” and
Wiring Diagram “FB compensation spacer".
—_— The filter(M22 P=0.5mm)
should be screwed onto
the lens from rear side
and the spacer should be
placed between lens and
camera.
4 3 Pin No.
1 [BROWN | Control (—)
2 |RED Control (+)
3 |YELLOW | Drive (+)
4 |ORANGE | Drive (-)

Specifications subjected to change without any notice. 2004.5

Figure A.2 : Technical speci cations of Computar 6 mm focal length optical system
used in Cam 1.
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computar
HG3808FCS-HSP

3.8mm F0.8
for 1/2 type Cameras, Aspherical High Speed Auto Iris DC Drive
CS-Mount
with Focus, w/o Amplifier
Model No. HG3808FCS-HSP Effective ‘ Front @27.2mm
Focal Length 3.8mm Lens Aperture ‘ Rear ©@16.6mm
Max. Aperture Ratio 1:0.8 Back Focal Length 9.07mm
Max. Image Format 6.4mm x 4.8mm(P8mm) Flange Back Length 12.5mm J/{,%
Operation Range | Iris F0.8 - F360C Mount CS-Mount
Focus 0.15m - Inf. Filter Size M43 P=0.75mm
Control Iris DC Auto Iris Dimensions @45mm x 56.8mm x 52.5mm
Focus Manual Weight 150g
Object Dimension at M.O.D. 29.6cm x 20.5cm
Angle of View D 1/2 type 107.7° 1/3 type 84.3° 1/4 type 64.5°
H 89.2° 68.6° 52.1°
\ 68.6° 52.1° 39.4°
Coil Drive 190Q
Control 1000Q
Operating Temperature —20°C - +50°C

M.O.D : Minimum Object Distance

Dimensions
E— Cs
21.8

‘ 1-32 UNF

34

45

22.8

52.5 12.5|(IN AIR)

*:310mm cable is available
+x 1 for B/W camera
Using with a B/W camera,
. . please use the attached
Wiring Diagram *B/W aberration compen-
sation filter” and
“FB compensation spacer".
The filter(M22 P=0.5mm)
should be screwed onto
the lens from rear side

4 3 Pin No. and the spacer should be
1 [BROWN | Control (~) placed between lens and
camera.
2 |RED Control (+)
3 |YELLOW | Drive (+)
4 |ORANGE | Drive (=)
Specifications subjected to change without any notice. 2004.5

Figure A.3 : Technical speci cations of Computar 3.8 mm focal length ogical system
used in Cam 2 and Cam 3.




Appendix B

AOMD Database

The software package used for the analysis of video meteors online at

http://star.arm.ac.uk/ atr/sparvm/

It contains SPARVM routines developed by the author, astrolib routines used in
SPARVM, perl routine to extract the frames from videos, documentaion about SPICE

intsllations, and documentation about SPARVM software package.

The double station meteors from Cam 1 and Cam 3 are compiled into a catalogue
of meteors . This lists only containes meteors Observed bewen Cam 1/Cam 4 and
Cam 3/Cam 4 from 2005/06/25 until 2007/12/31. The meteors observed byboth
Cam 1 and Cam 3 are denoted by \ * " in the ID. The result for those meteors are

the mean values computed from the two pairs.

The reliability of the results can be assesd from the di ererce in velocity between
two stations (V1 and V% ). For example, meteor (ID = 0001) has velcoity di erence of
18.19 km s 1, and thus the results are less reliable. It can also be seen &h the semi-
major axis (a) is 1.89 AU for this meteor. The meteor (ID = 0002) has a velocity

di erence of only 0.24 km s 1, and the result for this meteor is highly reliable.
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Mo

Reference ID for the meteor (4 digit unique code)

Date of meteor occurrence (yyyy/mm/dd)

Time of meteor occurrence at Armagh Observatory (hr:min:sec)
Right Ascension of the radiant of the meteor (deg)
Declination of the radiant of the meteor (deg)

V, calculated from Station-1, Armagh Observatory (km s 1)
V; calculated from Station-2, Bangor (km s 1)

Perihelion distance (AU)

Semi-major axis

Eccentricity

Inclination (deg)
Longitude of the ascending node (deg)

Argument of perihelion (deg)

Mean anamoly




ID

0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015*
0016
0017
0018
0019

Date
Y/M/D
2005/06/25
2005/06/26
2005/06/26
2005/06/28
2005/07/01
2005/07/27
2005/07/31
2005/07/31
2005/08/03
2005/08/06
2005/08/07
2005/08/07
2005/08/07
2005/08/07
2005/08/07
2005/08/07
2005/08/07
2005/08/07
2005/08/07

Time
H:M:S
23:30:19
00:19:03
01:03:15
01:05:23
01:13:08
22:27:44
22:34:34
23:13:15
01:42:18
23:20:30
00:09:07
00:11:49
00:30:23
00:35:30
01:02:09
22:57:21
23:22:09
23:27:48
23:32:15

R.A.
deg
240.15
280.80
311.75
131.03
11.82
27.38
33.35
44.21
339.80
41.22
299.82
42.45
35.90
38.88
39.46
43.03
38.15
38.79
315.71

Dec. Vi
deg kms !
-27.85 15.45
-20.49  25.66
38.57 44.78
50.29 14.72
27.21 63.04
53.92 58.23
54.74 58.41
55.07 33.66
-2.30 40.73
55.83 55.77
6.92 19.88
55.50 56.92
58.14 55.42
44.89 27.06
56.21 50.24
56.69 58.89
61.06 73.43
57.68 62.32
33.78 19.06

vi
kms !
33.64
25.42
44.10
14.99
62.99
58.64
57.84
42.93
40.62
57.25
20.14
59.23
55.86
40.03
56.88
59.22
62.19
59.73
17.45

(o a
AU AU

0.83591.89
.342
204.
652.

0.4635
0.8433
0.8582
0.8549
0.9383
0.9269
0.3875
0.0600 332.
0.9029
0.7557
0.9119
0.9504
0.1909
0.8815 292.
0.9224
0.9566
0.9476

0.6794 151.

12.9
on1.
27.3
30.8

135
73.7
65.4
04.0
20.6

484,
980.
925.

1.4414
0.8018
0.7992
0.6764
0.7060
0.9214
0.8733
0.5324
0.9743
0.7429
0.7995
0.8330
0.7624
0.6908
0.6147
0.9361
2.0052
1.1601
0.4101

deg
7.11
1.08
78.58
8.87
143.00
112.17
112.76
87.68
19.39
112.28
13.61
114.09
108.09
86.80
108.78
113.60
111.70
112.74
27.24

deg
273.46
274.53
94.46
96.35
99.24
124.89
128.72
127.79
130.75
133.54
134.52
134.53
134.54
134.54
134.56
135.44
134.50
134.50
134.50

deg
44.73
101.77
229.67
130.46
130.49
150.61
147.47
38.37
334.81
140.49
243.25
143.61
152.28
6.52
127.62
147.10
158.90
154.43
275.95

Mo
deg
160.70
347.83
356.25
7.99
6.77
0.50
1.16
93.24
351.18
4.36
354.91
2.30
2.54
156.90
22.55
0.41
12.37
1.29
311.35

6.7



0020*
0021*
0022*
0023
0024*
0025*
0026*
0027
0028*
0029
0030
0031
0032
0033
0034
0035~
0036
0037
0038
0039*
0040

2005/08/14
2005/08/14
2005/08/14
2005/08/14
2005/08/14
2005/08/15
2005/08/15
2005/08/16
2005/08/16
2005/08/17
2005/08/19
2005/08/20
2005/08/20
2005/08/23
2005/08/23
2005/08/24
2005/09/02
2005/09/02
2005/09/02
2005/09/02
2005/09/02

00:19:50
00:37:29
00:38:12
00:44:05
21:41:20
00:11:44
00:29:53
22:45:29
23:46:28
01:52:35
00:41:10
23:55:08
23:57:54
00:37:24
01:24:19
21:59:26
00:05:33
00:25:26
02:07:06
02:08:09
02:32:23

344.42
49.14
51.80
49.74
49.94
55.65
56.82
50.95

151.82
51.03
21.72
34.17

277.43
30.75

305.30

327.02
92.16
11.66
31.44

272.62
88.63

1.46
58.05
61.45
58.69
60.71
64.02
57.41
62.09
10.77
54.46
26.53
73.95
57.65
33.52
42.82
-13.29
39.79
79.06
-1.39
62.58

9.13

36.77
58.52
55.87
55.94
58.26
55.69
55.00
57.18
56.59
61.07
64.40
47.01
19.92
53.63
26.32
19.19
67.04
44.49
51.07
20.30
65.18

34.27
59.53
56.28
55.79
58.06
54.86
56.06
58.46
71.69
61.23
63.55
46.54
22.60
62.78
26.66
19.26
66.58
43.31
48.01
20.34
65.41

0.1373 87. 0.9265
0.9351 .9 0.9277
0.9089 1%. 0.8532
0.9177 03.3 0.7219
0.9362 .3® 0.9516
0.8935 23. 0.9032
0.8363 9£2. 0.7160
0.9461 5P8. 0.9668
0.97030.29  4.3442
0.9564 781. 0.9188
0.5659 326. 0.9785
0.9834 334 0.7134
0.9933 103. 0.6793
0.5960 11.9 0.6880
0.8823 .2650 0.9139
0.67982.51 0.7289
0.6790 .94 1.0454
0.9993 05.7 0.8246
0.1139 31.6 0.9301
0.9997 .612 0.6165
0.7132  5.730.8755

14.59
113.49
107.12
110.48
110.06
103.53
112.12
108.46

80.92
120.36
145.97

85.50

33.28
138.74

36.43

3.54
148.27

76.62
119.27

32.42
150.90

141.24
141.26
141.26
141.27
142.10
142.20
142.22
144.07
143.14
144.19
146.07
147.00
147.00
149.92
149.94
331.77
159.56
159.57
339.63
159.63
339.65

322.56
149.89
143.28
143.50
150.40
140.69
126.80
152.89
195.09
155.37
263.00
163.79
190.44
272.97
221.10
76.05
111.84
183.23
147.15
182.06
292.68

346.09
0.68
1.82
4.36
0.26
2.18

11.40
0.28

114.66
0.43

359.59
1.96

358.58

332.22

359.19

349.31
0.63

359.84

342.43

359.74
2.77

08T



0041
0042
0043~
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059
0060
0061

2005/09/02
2005/09/02
2005/09/03
2005/09/03
2005/09/16
2005/09/19
2005/09/19
2005/09/20
2005/09/28
2005/09/28
2005/10/13
2005/10/13
2005/10/14
2005/10/14
2005/10/14
2005/10/14
2005/10/14
2005/10/16
2005/10/22
2005/10/23
2005/10/23

03:17:18
23:51:59
00:29:08
22:41:42
22:48:05
04:21:21
23:35:02
00:23:19
00:33:05
03:42:40
23:53:29
23:59:27
00:25:00
00:48:51
02:03:56
02:21:33
02:58:56
03:48:51
05:22:25
03:58:53
04:27:29

75.67
50.66
71.08
55.19
340.87
98.58
114.06
59.43
319.47
174.52
32.69
101.74
42.16
99.63
106.79
38.30
86.51
287.54
96.06
96.48
96.87

58.18
44.52
52.91
35.18
67.67
59.15
58.65
20.90
46.87
57.17
18.22
20.47
15.24
31.94
53.88
5.12
39.26
70.45
15.47
15.87
15.86

58.53
71.46
61.24
65.41
29.61
34.55
51.96
58.61
17.03
28.85
31.44
66.81
31.99
71.91
74.24
29.40
64.31
30.21
64.75
63.98
65.97

57.27
65.00
62.64
65.07
29.03
55.69
54.72
55.92
14.54
46.65
31.25
67.31
33.44
66.18
60.51
29.45
60.37
23.23
63.29
65.64
66.23

0.9310
0.9483
0.9731
0.8935
0.8772
0.6259
0.7804
0.3185
0.9330
0.6546
0.2581
0.9131
0.1653
0.8614
0.9572
0.3114
0.5667
0.9935
0.5466
0.5507
0.5837

83.1 0.7070
834. 1.1963
514. 0.7842
23.0 0.7040
681. 0.4786
61.3 0.5409
951. 0.6008
61.3 0.7653
102. 0.5564
133. 0.7911
12.1 0.8775
632. 0.6528
41.5 0.8930
321. 0.9239

.852 1.3353

1.890.8349
13.5 0.8384
525. 0.8199
13.4 0.8397
8.5 0.8797
18.3 0.9298

116.70
137.61
127.25
152.98
51.49
99.20
109.05
179.87
22.05
61.55
5.55
174.69
4.08
164.40
127.54
14.40
146.10
41.55
162.42
163.41
163.84

159.68
159.55
160.54
161.44
174.07
176.25
176.06
355.97
184.90
185.04
199.65
19.65
20.71
200.70
200.75
20.77
200.79
202.80
28.82
29.76
29.78

146.41
205.54
159.84
222.08
231.65
79.42
114.15
124.02
215.69
96.84
305.99
38.72
140.27
225.48
203.66
120.89
267.65
189.79
89.68
87.78
82.18

4.41
177.23
1.69
354.41
342.64
78.86
16.48
330.57
351.29
23.79
347.16
353.45
340.45
175.50
173.34
343.92
352.07
179.15
353.10
355.55
358.36
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0062
0063
0064
0065
0066
0067
0068
0069
0070
0071
0072
0073
0074~
0075
0076
0077
0078*
0079
0080
0081
0082

2005/10/26
2005/10/26
2005/10/28
2005/10/28
2005/10/29
2005/10/29
2005/10/29
2005/10/29
2005/11/11
2005/11/12
2005/11/12
2005/11/14
2005/11/17
2005/11/17
2005/11/17
2005/11/17
2005/11/17
2005/11/19
2005/11/19
2005/11/19
2005/11/19

00:27:16
00:42:11
20:05:11
23:51:49
00:00:38
01:46:01
02:52:07
04:05:01
19:44:24
05:51:02
23:46:56
01:02:18
03:10:46
03:59:30
04:34:42
05:36:43
22:33:23
01:48:37
02:25:12
03:19:25
04:29:01

96.48
51.77
48.23
42.38
143.36
48.04
98.50
132.57
56.46
59.99
58.55
59.16
152.82
153.14
269.72
131.70
261.63
153.54
62.80
146.46
154.19

16.90
76.32
15.63
19.37
32.80
20.81
39.19
46.53
17.02
25.31
16.48
17.10
23.45
22.16
51.14
53.51
59.02
23.68
17.92
48.93
22.26

66.10
40.02
30.75
30.37
48.29
29.04
60.76
64.47
13.61
26.15
25.75
25.41
66.03
65.01
16.01
56.10
23.18
71.15
21.12
36.07
68.92

59.77
39.41
30.52
28.71
69.66
28.94
59.41
63.47
24.81
26.54
26.64
21.29
71.78
67.30
16.27
53.59
23.90
62.85
18.00
46.48
67.27

0.4451
0.7953
0.2855
0.3513
0.6216
0.3043
0.4238
0.9888
0.4946
0.3869
0.4137
0.4586
0.9925
0.9914
0.9789
0.6715
0.9809
0.9996
0.5399
0.4193
0.9982

33.9
93.8
32.1
72.6
902.
61.8
13.0
874.
31.2
51.8
12.0
61.6

.015

092.
312.
822.

6482

682.
51.4

820.

193.

0.8867
0.7957
0.8660
0.8684
0.7860
0.8365
0.8594
0.7970
0.5994
0.7908
0.7945
0.7245
0.8017
0.5267
0.5757
0.7621
0.6290
0.6275
0.6283
0.4861
0.6870

164.19
66.30
6.24
2.18
144.28
2.39
141.71
131.86
5.75
3.28
5.49
4.49
160.05
161.49
2351
109.13
37.45
158.98
3.88
96.89
161.13

32.60
212.62
35.45
214.52
215.59
215.61
215.70
215.75
49.47
229.83
50.64
51.70
234.79
234.82
234.83
234.89
235.60
236.75
56.80
236.81
236.86

101.59
237.46
122.63
293.38
84.92
301.88
284.33
192.91
112.02
292.90
108.90
106.84
165.39
167.10
160.46
256.28
161.95
177.12
101.12
324.01
174.62

350.81
355.37
347.12
350.62
62.86
343.65
351.87
359.10
319.37
342.55
344.66
338.13
8.64
3.71
4.55
350.62
3.35
1.22
331.23
254.61
0.79
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0083
0084
0085
0086
0087
0088
0089*
0090
0091*
0092
0093~
0094
0095
0096*
0097
0098
0099
0100*
0101
0102
0103*

2005/11/19
2005/11/19
2005/11/20
2005/11/20
2005/11/20
2005/11/20
2005/11/20
2005/11/20
2005/11/20
2005/11/20
2005/11/20
2005/11/20
2005/11/21
2005/11/21
2005/11/21
2005/11/21
2005/11/21
2005/11/21
2005/11/26
2005/11/28
2005/12/01

04:34:58
21:00:21
00:49:04
03:00:12
03:13:04
03:37:25
04:16:05
04:58:00
05:05:53
05:15:51
21:48:49
23:29:28
00:54:29
01:21:35
04:18:05
04:37:45
05:08:11
20:09:47
23:10:16
00:08:55
22:23:21

65.33
46.60
146.63
145.55
125.70
154.94
136.72
125.42
68.07
64.53
53.21
137.27
21.25
67.09
69.32
155.89
155.83
275.49
88.75
95.84
165.64

24.16
21.21
25.51
44.82
32.26
21.73
36.07
-7.16
29.14
19.62
1.71
22.07
49.27
25.89
13.64
20.55
21.44
45.93
15.78
1.31
44.97

25.43
20.64
60.03
61.80
43.00
67.03
60.51
62.67
26.77
22.27
19.21
74.48
14.85
26.10
27.07
68.22
67.91
17.79
40.98
43.54
62.58

23.92
20.51
59.42
57.45
60.29
64.94
60.97
64.32
27.25
23.13
19.54
67.27
13.32
26.95
20.76
68.47
66.69
19.23
41.19
42.70
62.45

0.4332 91.7 0.7582
0.6608 72.8 0.7701
0.8246 091. 0.2442
0.8255 612. 0.6836
0.2444 651. 0.8520
0.9978 022. 0.5068
0.6364 .02 0.6895
0.8027 218. 0.9022
0.3820 93. 0.8024
0.5010 01.8 0.7224
0.7095 2.3 0.7008
0.80854.21 1.0569
0.8851 12.1 0.5814
0.3952 94. 0.7962
0.4616 01.7 0.7278
0.9979 233. 0.6913
0.9989 582. 0.6134
0.9684 .82  0.6583
0.1170 04.3 0.9728
0.2143  3.540.9394
0.936915388 0.9956

0.99
0.54
157.72
124.75
139.53
161.13
141.39
130.57
6.53
3.34
12.51
170.47
14.04
3.20
9.50
162.97
161.34
26.52
24.76

60.46
119.12

236.73
237.26
237.72
237.80
237.81
237.84
237.86
57.88
237.87
57.94
58.61
238.68
238.71
238.70
58.88
238.89
238.91
239.53
64.72
65.77
249.75

288.46
257.55
263.97
236.01
315.90
173.42
264.91
54.33
292.94
100.90
72.83
232.27
226.57
291.43
106.31
174.16
175.67
156.99
142.24
128.47
209.13

341.11
351.44
303.12
349.51
316.30
2.02
341.04
358.36
343.66
340.87
348.44
174.17
349.31
343.80
338.68
0.80
0.88
3.92
356.37
354.54
269.98
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0104
0105
0106*
0107
0108*
0109
0110
0111
0112*
0113*
0114
0115
0116
0117
0118
0119
0120*
0121
0122
0123
0124~

2005/12/04
2005/12/05
2005/12/06
2005/12/11
2005/12/11
2005/12/11
2005/12/12
2005/12/12
2005/12/12
2005/12/12
2005/12/12
2005/12/12
2005/12/12
2005/12/12
2005/12/12
2005/12/12
2005/12/13
2005/12/13
2005/12/13
2005/12/13
2005/12/18

00:22:24
05:01:45
22:31:20
21:20:38
21:26:16
21:33:23
00:23:34
00:28:07
01:46:31
02:09:38
02:50:23
03:02:57
04:08:15
05:44:13
06:20:22
06:23:00
00:03:50
00:29:19
03:15:12
06:13:28
19:13:18

104.36
162.25
98.39
109.00
213.48
109.08
110.24
110.80
128.07
153.48
200.50
110.77
113.53
114.03
211.08
173.27
109.77
111.33
127.77
114.41
98.43

35.66
22.54
9.28
33.69
26.84
35.30
34.62
33.78
241
34.33
68.57
33.21
35.05
34.25
65.27
-11.13
15.13
33.55
2.29
34.04
17.65

30.93
66.26
41.37
32.49
23.30
33.86
33.90
27.07
57.19
59.86
37.07
28.19
32.24
33.33
27.65
45.56
35.72
34.00
56.10
32.39
31.78

24.63
65.46
41.59
32.30
53.68
32.34
30.85
32.15
57.34
60.74
39.05
31.87
31.75
35.13
31.41
19.32
38.34
32.22
58.97
30.89
30.55

0.1824 940.
0.9261 392.

0.1651 ®.5

0.1588 231.
0.56080.27
0.1653 311.
0.1670 231.
0.1807 061.
0.2297 85.
0.5316 .53
0.9611 852.
0.1812 111.
0.1595 151.
0.1363 261.
0.9818 321.
0.1543 .590
0.1040 .50
0.1558 281.

0.2219 783.

0.1610 151.
0.3254 62.

0.8052
0.6122
0.9700
0.8713
3.0992
0.8734
0.8647
0.8295
0.9608
0.8495
0.6622
0.8365
0.8607
0.8921
0.2552
0.7406
0.9306
0.8782
0.9839
0.8596
0.8772

20.24
154.86
38.31
20.85
19.96
24.52
23.54
19.32
126.92
131.64
65.61
18.37
25.34
27.19
54.88
83.46
22.87
22.82
124.53
22.26
10.00

251.86
253.08
74.83
259.86
259.86
259.87
259.98
259.99
80.05
260.07
260.09
260.09
260.14
260.21
260.24
80.24
81.00
261.01
81.13
261.25
86.91

326.58
216.38
134.07
323.77
243.79
322.22
322.80
323.89
124.90
271.60
205.58
322.96
324.80
326.30
205.26
187.01
149.30
323.67
124.82
324.61
116.37

311.88
352.70
357.37
331.53
198.31
333.99
331.31
321.84
357.44
352.23
355.96
324.71
327.50
333.45
344.95
151.72
341.38
333.37
178.37
327.55
350.52
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0125
0126
0127
0128*
0129
0130
0131
0132
0133
0134*
0135
0136
0137*
0138
0139
0140
0141
0142
0143
0144
0145

2005/12/18
2005/12/21
2005/12/28
2006/01/03
2006/01/03
2006/01/03
2006/01/03
2006/01/03
2006/01/04
2006/01/04
2006/01/04
2006/01/04
2006/01/09
2006/01/09
2006/01/11
2006/01/12
2006/01/14
2006/01/17
2006/01/20
2006/01/20
2006/01/21

21:59:18
19:35:42
01:33:36
19:18:42
20:36:54
21:11:46
21:31:30
22:42:40
02:47:37
03:41:44
04:30:35
05:15:28
02:36:09
05:47:57
06:51:21
06:21:00
05:28:43
05:44:09
06:07:08
06:47:32
00:17:03

301.98
79.13
310.11
230.20
188.95
230.49
226.61
227.73
192.21
231.84
241.41
228.01
177.99
231.80
219.63
237.74
223.43
167.87
311.57
288.78
154.81

71.06
28.70
69.39
47.88
51.14
50.79
51.49
48.22
52.28
50.49
48.84
51.79
8.84
16.85
69.36
49.84
34.13
33.30
73.39
18.28
4.73

23.89
17.51
15.30
41.17
53.85
40.68
40.14
35.64
48.78
37.89
37.62
36.92
63.20
59.05
32.31
31.32
54.73
41.01
13.13
24.43
40.03

21.56
17.06
16.59
40.84
50.58
34.82
40.10
39.37
46.12
39.02
38.83
36.96
65.81
58.40
31.55
29.52
53.64
41.19
13.11
28.70
40.95

0.9970 205. 0.8082
0.6999 01.9 0.6319
0.9999 372. 0.5785
0.9865 .212  0.5539
0.82539.46 1.0424
0.9917 891. 0.4741
0.9991 262. 0.5585
0.9863 521. 0.3531
0.8389 744. 0.8230
0.9921 .32 0.5744
0.9683 453. 0.7197
0.9993 861. 0.4629
0.5208 53. 0.8523
0.7272 739. 0.9253
0.9525 693. 0.7420
0.9896 311. 0.2421
0.9972 525. 0.8195
0.2125 491. 0.8576
1.0000 002. 0.5001
0.6625 133. 0.7880
0.0378 51.3 0.9720

33.79
1.13
24.13
73.73
89.06
68.17
71.71
69.90
82.90
67.92
64.83
66.67
164.41
112.48
51.54
56.82
98.95
67.75
19.71
29.79
31.51

267.00
269.82
276.32
283.20
283.25
283.28
283.29
283.34
283.51
283.55
283.58
283.62
288.61
288.74
290.82
291.81
293.82
296.88
299.93
299.97
120.73

186.57
257.13
180.01
164.22
229.03
166.39
175.92
160.86
230.11
168.14
157.55
176.12
273.28
115.62
207.32
161.05
173.61
314.90
180.66
103.37
162.19

359.61
342.78
0.19
3.98
178.62
5.32
1.04
9.45
356.52
2.79
2.67
1.38
350.84
1.23
357.23
11.67
0.39
338.11
0.10
8.15
339.38
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0146
0147
0148
0149
0150
0151
0152
0153~
0154
0155
0156
0157
0158
0159
0160*
0161
0162
0163
0164
0165
0166

2006/01/22
2006/02/17
2006/02/18
2006/02/18
2006/02/22
2006/02/22
2006/02/27
2006/03/05
2006/03/20
2006/03/20
2006/03/29
2006/03/31
2006/04/02
2006/04/03
2006/04/03
2006/04/04
2006/04/07
2006/04/07
2006/04/09
2006/04/09
2006/04/12

01:04:24
00:02:55
06:21:37
19:57:37
00:28:23
02:13:27
01:05:34
23:58:47
02:21:16
02:52:40
03:01:43
23:38:20
01:10:37
02:31:08
02:49:14
02:29:30
02:48:37
23:37:57
01:04:44
01:22:59
01:53:30

225.79
228.29
272.81
283.56
148.69
174.53
159.40
195.67
289.99
221.07
204.20
187.65
181.45
208.96
192.36
278.86
305.17
190.63
32.68
275.23
249.25

67.57
45.46
75.24
66.11
0.87
23.63
-0.24
82.69
53.92
32.96
-14.34
44.24
1.55
-8.23
59.70
39.08
7.51
10.91
44.68
19.91
70.02

29.02
43.82
19.24
22.17
23.22
32.25
26.04
14.71
31.13
36.36
35.07
17.17
16.84
32.18
14.55
41.17
61.36
19.02
13.53
46.57
20.75

29.06
44.31
19.09
23.69
20.95
31.18
27.21
14.26
29.70
35.89
34.47
17.58
16.53
29.60
16.38
42.88
61.07
19.24
15.18
39.35
20.73

0.9664
0.9091
0.9994
0.9930
0.6190
0.3904
0.5029
0.9959
0.9560
0.6280
0.2025
0.8931
0.7445
0.2618
0.9666
0.9994
0.6919
0.7215
0.8489
0.7578
0.9991

492.
859.
642.
402.
02.3
982.
932.

A2

892.
383.

192

043.
81.9
771,

92

842.
15.8
522.
92.4
041.
842.

0.6122
0.9077
0.6216
0.5858
0.7309
0.8690
0.8283
0.5328
0.6693
0.8140
0.9077
0.7062
0.6240
0.8518
0.6698
0.6481
0.8809
0.7137
0.6585
0.2689
0.6477

48.11
73.41
29.74
37.38
9.95
23.22
9.63
21.69
50.47
53.67
11.05
18.40
1.71
1.96
19.53
75.21
128.69
6.46
7.92
92.24
32.59

301.77
328.09
329.36
329.93
153.16
333.22
158.22
345.18
359.25
359.27
188.21
10.03
192.14
13.05
13.12
14.10
17.07
16.92
18.94
18.98
21.94

204.29
216.00
183.30
168.82
84.43
288.14
95.58
188.75
152.88
260.16
132.53
222.13
70.35
307.30
203.55
176.95
110.01
250.67
128.25
281.34
183.88

355.37
359.22
359.53
2.54
347.22
351.99
351.49
357.98
4.24
353.31
348.55
354.56
344.48
342.74
356.56
0.57
2.76
349.68
9.28
282.16
359.47
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0167
0168
0169
0170
0171
0172*
0173
0174
0175
0176
0177
0178*
0179
0180
0181*
0182
0183
0184
0185
0186
0187

2006/04/13
2006/04/14
2006/04/14
2006/04/27
2006/04/28
2006/04/28
2006/05/03
2006/05/05
2006/05/10
2006/05/11
2006/05/21
2006/05/23
2006/05/31
2006/06/03
2006/06/03
2006/06/27
2006/06/28
2006/07/02
2006/07/02
2006/07/12
2006/07/13

20:35:52
02:28:50
02:48:45
03:48:04
03:27:24
03:42:56
02:09:40
22:01:41
02:36:19
01:46:12
01:36:21
02:16:59
01:52:11
01:09:01
02:29:12
22:58:46
01:21:04
00:15:42
02:08:05
22:53:00
00:31:42

321.62
226.76
253.90
296.09
260.15
302.71
239.38
234.02
290.70
302.54
229.10
289.82
297.18
332.57
250.57
292.18
279.82
323.27
259.31
32.84
269.62

49.10
-7.32
4.74
43.11
36.33
67.16
-15.48
-8.91
43.36
17.39
54.15
21.59
36.10
11.38
-5.65
54.90
60.34
44.95
56.20
52.08
52.72

38.13
32.34
54.38
45.18
38.96
24.58
34.29
27.90
43.27
58.36
13.92
49.70
48.02
62.40
22.14
24.73
22.10
45.31
23.83
53.59
20.86

38.73
30.91
54.67
43.45
39.04
25.10
35.61
29.25
43.05
58.35
14.30
50.97
45.03
60.54
22.35
24.98
19.33
45.75
24.01
49.68
20.60

0.8105 .351
0.1998 401.
0.3683
0.9939 137.
0.8421 .090
0.9681 412
0.2098 .652
0.3798 23.
0.9897 777.
0.9481 933.
0.9862 112.
0.7018 .75/
0.9024 .6T0
0.9872 821.
0.6277 .72
0.9662 541.
0.9932 671.
0.9305 353.
0.9918 .320
0.6227
0.9807 752.

79.3

82.5

0.9286
0.8569
0.9607
0.8606
0.9165
0.5991
0.9209
0.8297
0.8726
0.7590
0.5322
0.9094
0.9154
0.4569
0.7735
0.3708
0.4069
0.7224
0.9041
0.7582
0.6430

60.77
13.81
104.93
76.74
62.13
40.98
5.57
9.00
74.07
116.21
20.53
90.44
80.64
142.33
8.79
44.64
36.11
82.93
35.09
103.02
3241

23.69
23.92
23.94
36.67
37.63
37.64
42.41
45.17
49.23
50.16
59.78
61.74
69.41
72.26
72.30
96.05
96.14
99.92
99.99
110.35
110.41

127.32
317.24
286.82
170.66
227.95
156.19
310.43
291.60
192.08
208.39
196.21
248.09
217.39
196.58
261.61
208.96
192.48
213.46
190.63
96.71
198.04

0.87
335.87
358.66

0.41
359.07

5.01
351.49
347.25
359.61
357.40
356.01
358.11
178.76
354.31
350.77
347.59
355.33
356.11
359.78

11.91
357.07

/8T



0188
0189
0190~
0191
0192
0193*
0194
0195
0196
0197
0198
0199
0200~
0201
0202
0203
0204
0205
0206*
0207
0208

2006/07/13
2006/07/14
2006/07/14
2006/07/15
2006/07/15
2006/07/15
2006/07/15
2006/07/17
2006/07/17
2006/07/17
2006/07/18
2006/07/23
2006/07/23
2006/07/24
2006/07/25
2006/07/26
2006/07/30
2006/07/30
2006/07/30
2006/07/30
2006/07/30

23:52:56
00:20:44
22:56:19
00:01:20
01:11:30
01:24:42
02:14:26
23:00:51
23:23:.01
23:51:31
01:05:57
22:21:29
22:52:12
00:23:27
01:10:35
23:16:49
00:59:21
01:39:49
01:52:52
01:55:50
02:11:22

316.49
2.60
209.47
355.07
13.43
3.40
38.46
260.47
37.45
33.87
284.24
18.84
333.56
50.24
49.78
314.75
305.86
31.98
27.74
306.64
340.15

-2.24
28.11
74.78
32.26
26.12
51.27
29.99
12.20
40.02
51.32
-15.62
53.76
-16.93
20.31
44.74
-4.77
-6.26
50.68
55.41
-5.98
-14.84

39.05
62.64
20.30
62.68
41.76
53.78
41.40
13.62
63.91
52.62
15.74
56.03
41.01
63.88
49.88
28.52
20.88
57.39
55.17
21.62
40.40

39.24
63.59
20.23
44.31
56.98
55.01
62.70
14.04
60.52
53.30
16.08
56.44
41.19
71.49
56.37
28.79
20.91
58.10
55.59
21.49
40.77

0.1212 2%2. 0.9461
0.9603  3.530.7281
0.9511 .62 0.6415
0.6932 232. 0.6886
0.5921 50.9 0.3800
0.9850 6.6 0.7884
0.3330 92.2 0.8548
0.9243 303. 0.7200
0.6594 784. 0.9554
0.6680 22.4 0.7242
0.7720 .232 0.6542
0.9560 45.4 0.8241
0.07292.68 0.9728
0.6162 .652 1.0487
0.4511 81.6 0.7312
0.3492 1. 0.8334
0.6090 212. 0.7250
0.9180 23.3 0.7236
0.9391 73. 0.7486
0.6001 3&. 0.7455
0.0740 .452  0.9698

36.25
136.98
30.46
117.56
136.72
103.67
139.60
10.54
132.58
107.50
0.31
108.21
28.23
177.52
120.02
11.52
6.14
116.86
108.12
6.63
27.31

110.39
111.36
112.25
112.30
112.35
112.36
112.39
114.15
114.19
114.20
295.58
120.83
300.85
120.95
121.89
122.76
126.65
126.69
126.70
126.69
306.71

323.88
205.09
151.05
269.93
83.64
165.00
54.75
215.02
107.33
102.08
64.55
154.51
151.67
103.05
71.33
295.59
266.02
143.57
148.85
266.36
151.74

349.90
357.19
5.14
303.83
94.78
1.19
47.58
355.95
2.45
11.64
347.86
1.46
352.78
7.64
25.67
346.16
346.47
4.34
3.67
347.84
351.68

88T



0209
0210
0211~
0212
0213
0214~
0215
0216
0217*
0218
0219
0220
0221~
0222*
0223*
0224
0225
0226
0227
0228
0229*

2006/08/01
2006/08/06
2006/08/06
2006/08/08
2006/08/11
2006/08/12
2006/08/12
2006/08/12
2006/08/13
2006/08/24
2006/08/24
2006/08/24
2006/08/27
2006/08/28
2006/08/28
2006/08/28
2006/08/28
2006/08/28
2006/08/29
2006/08/29
2006/08/29

23:36:19
00:43:56
01:45:17
23:47:23
22:57:18
02:46:15
22:42:14
22:54:05
02:11:13
02:09:21
02:54:55
03:15:16
22:37:59
02:19:30
21:55:54
22:16:28
22:27:57
23:49:29
01:48:49
02:01:35
21:28:29

39.74
36.03
16.83
247.12
44.21
40.48
48.78
51.78
136.13
41.58
412
37.33
67.45
0.83
348.00
56.19
205.91
356.30
334.10
86.67
53.88

55.86
59.44
54.70
56.42
56.07
58.70
59.04
59.85
77.45
6.62
67.61
37.99
59.03
34.30
-4.36
26.40
65.08
7.68
24.20
51.62
59.30

56.80
56.62
51.85
22.78
61.93
51.38
57.36
54.88
29.80
67.57
43.35
52.55
55.06
50.50

28.16

69.42
25.92
34.58
31.62
22.96
58.42

55.13
55.33
54.41
31.07
55.10
60.70
57.31
55.91
39.30
67.14
45.05
64.13
58.81
47.37

28.61

71.42
25.76
34.51
31.95
49.79
59.05

0.8536
0.9400
0.9971
0.9986
0.9428
0.9471
0.9192
0.8862
0.7905
0.7067
0.9668
0.7224
0.9236
0.3684
0.3469
0.9735
0.8977
0.1455
0.5383
0.3170
0.9995

83.9 0.7854
16.6 0.8578

52. 0.6149
.063  1.3260

85.9 0.8424

16. 0.8165

76.0 0.8486
23.6 0.7549

5B  0.7756

31.8 0.9778
3.040.6816
51.8 0.6103

08. 0.7002
as. 0.9756
A2 0.8416
4B4. 0.9602
693. 0.7569

81.6 0.9136

797. 0.9309

10.9 0.6534

6%. 0.8233

110.15
106.50
104.55
34.90
114.86
108.42
110.98
108.55
55.26
161.64
80.31
136.26
114.41
85.38
2.47
169.76
38.02
16.26
33.81
79.36
114.49

128.52
133.35
133.39
135.23
139.03
139.18
139.98
139.99
140.28
330.69
150.73
150.74
154.42
154.57
335.40
155.38
155.37
154.46
155.51
155.52
156.31

131.77
150.45
187.19
175.91
150.18
149.90
145.48
137.33
119.75
66.00
203.39
262.19
143.48
286.98
115.36
198.98
139.70
322.17
267.57
37.24
177.45

4.23
1.31
358.50
0.69
4.35
9.51
1.60
4.34
10.45
359.77
356.64
321.86
7.58
174.68
347.14
179.57
3.98
343.43
358.18
91.37
0.17

68T



0230
0231*
0232
0233
0234
0235
0236
0237
0238
0239
0240
0241
0242
0243*
0244
0245~
0246
0247
0248
0249
0250

2006/08/29
2006/09/07
2006/09/08
2006/09/08
2006/09/08
2006/09/08
2006/09/09
2006/09/09
2006/09/09
2006/09/09
2006/09/10
2006/09/10
2006/09/15
2006/09/15
2006/09/16
2006/09/17
2006/09/17
2006/09/18
2006/09/18
2006/09/19
2006/09/21

22:57:56
02:27:46
00:17:10
02:10:18
02:17:01
22:33:28
00:05:48
03:21:39
21:46:29
23:54:39
00:00:12
01:42:02
00:38:52
01:39:07
02:07:49
22:19:15
22:45:04
01:43:55
02:34:32
03:58:57
20:06:16

77.42
82.38
335.65
45.29

74.97
304.75
105.48
103.59

53.43
46.92

5.84

57.33

74.06
74.78
359.48
296.17

78.67

87.21

74.88

51.23
338.74

56.39
13.57
-4.89
39.41
32.76
64.60
37.47
38.75
33.45
38.79
10.69
5.08
56.44
32.65
2.99
78.88
28.92
23.82
29.26
63.92
29.74

59.49
65.33
15.80
62.71
69.52
30.51
63.59
62.12
57.85
59.98
37.27
61.63
31.30
66.65
20.13
36.83
78.73
68.84
47.66
52.49
24.62

59.79
65.52
16.54
61.05
67.86
29.84
64.22
60.88
65.60
59.95
36.54
64.42
47.60
68.27
20.67
36.95
75.86
67.81
64.26
52.63
25.68

0.8746
0.9143 3=2.
0.7533 222.
0.6853
0.9960
0.9682 806.
0.5235 .510
0.5279 043.

84.8

03.9
75.2

0.8207
0.6110
0.6609
0.8241
0.8111
0.8576
0.9502
0.8265

0.6484
0.6411
0.1525
0.6399
0.5029
0.9733
0.5261

0.9970 9.5b

0.9860
0.9922
0.5609
0.8847
0.7089

22.2 0.7075
32.2 0.7125
2.750.9446
3.420.8131
20.8 0.3878

4. 0.7178

81.5 0.6671
0.9490

611. 1.6122

23.3 0.7008
01.3 0.5685
53.4 0.7436

99%. 0.8986

119.89
161.44
0.29
137.37
162.94
47.54
148.42
145.36
152.71
138.39
15.06
148.98
95.04
162.81
0.10
59.80
171.02
179.82
165.93
100.13
24.14

156.37
344.25
345.60
165.21
165.22
166.03
166.10
166.23
166.98
166.09
167.05
347.13
171.95
172.00
171.47
174.78
174.82
175.50
174.96
175.99
178.60

136.21
321.18
67.19
252.43
172.34
201.39
91.25
87.48
264.01
262.10
318.14
78.91
346.86
200.66
282.14
186.28
192.26
169.39
287.09
223.15
247.37

2.72
7.93
347.50
354.56
0.53
359.15
1.21
8.25
338.98
346.62
352.42
352.66
198.54
357.34
335.57
359.95
-3.59
1.47
284.10
355.42
357.96

06T



0251
0252*
0253
0254
0255
0256
0257*
0258
0259
0260
0261
0262
0263
0264
0265
0266
0267
0268*
0269
0270
0271

2006/09/22
2006/09/23
2006/09/23
2006/09/23
2006/09/25
2006/09/25
2006/09/26
2006/09/26
2006/09/27
2006/09/27
2006/09/29
2006/09/29
2006/09/29
2006/09/30
2006/09/30
2006/09/30
2006/09/30
2006/10/02
2006/10/07
2006/10/09
2006/10/10

20:20:34
00:14:25
00:18:50
01:08:12
22:08:44
23:57:11
00:29:35
01:34:56
02:43:30
23:49:22
20:04:44
22:07:34
22:16:34
03:55:50
04:14:39
04:55:10
04:56:22
22:30:42
04:53:39
22:31:30
01:14:17

355.54
86.50
72.83
167.70
40.23
259.51
82.04
55.45
63.40
95.04
331.17
348.77
354.52
103.51
73.73
53.37
65.26
21.77
168.69
13.13
3341

11.97
28.96
41.01
48.85
32.39
61.66
33.64
34.34
45.85
42.15
4.09
27.31
2.64
13.32
16.74
45.95
16.10
10.83
13.59
-0.53
3.35

20.54
66.24
62.90
44.38
58.28
25.77
65.69
36.37
58.71
67.45
13.18
18.52
14.40
66.40
61.69
48.52
50.49
29.61
46.12
15.05
32.49

20.98
67.03
65.36
44.41
55.59
25.96
66.57
54.81
59.73
66.63
13.51
19.08
13.85
67.76
63.80
57.45
49.12
28.25
46.64
20.16
33.17

0.5722
0.9894
0.8394
0.5077
0.1822
0.9949
0.9019
0.1532
0.6219
0.9998
0.8918
0.7216
0.7701
0.9517
0.5237
0.3894
0.1157
0.3059
0.0573
0.6859
0.2888

891. 0.6969
32. 0.5761

13.1 0.7303

725 0.9803
282 1.0149
.092 0.9177
72. 0.6704

31.3 0.8845
429 0.7885
9.1 0.8074
73.2 0.7274

122.  0.6590

91.7 0.5690

992. 0.6816

92.4 0.7897
72.7 0.8596
70.9 0.8806

911. 0.8402
.023 0.9956

21.9 0.6426
3.050.9054

6.29
170.60
146.05

67.70
121.85
38.45
161.43
116.64
129.20
147.85

2.67

15.54

0.88
162.38
166.62
111.86
158.87

1.23

36.44

6.08

16.35

179.57
179.76
179.75
179.78
182.60
181.69
182.70
182.74
183.77
183.65
186.38
186.52
6.69
6.76
6.77
186.80
6.80
99.45
193.69
16.41
16.51

272.42
193.07
231.96
90.32
308.71
171.62
220.94
328.47
261.84
178.56
222.07
252.60
68.36
331.70
94.70
290.47
152.74
211.42
27.19
78.82
119.77

342.10
357.24
353.20
0.30
178.57
0.15
353.52
310.40
351.48
0.11
355.21
345.98
341.66
4.21
348.36
345.15
318.28
344.28
0.64
342.50
352.75
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0272
0273
0274
0275
0276
0277
0278
0279*
0280
0281*
0282*
0283
0284
0285
0286*
0287
0288
0289
0290
0291
0292*

2006/10/10
2006/10/10
2006/10/10
2006/10/11
2006/10/12
2006/10/13
2006/10/14
2006/10/14
2006/10/16
2006/10/19
2006/10/19
2006/10/20
2006/10/23
2006/10/23
2006/10/24
2006/10/24
2006/10/24
2006/10/24
2006/10/24
2006/10/24
2006/10/24

01:19:48
02:21:33
02:22:33
20:26:49
20:38:52
01:26:42
19:24:59
19:39:52
03:36:17
00:12:06
23:41:36
01:09:47
23:32:19
23:38:01
00:03:24
00:29:16
00:59:44
01:40:41
02:43:34
05:24:20
21:36:50

4.50
88.58
231.63
37.50
101.18
308.68
62.86
16.70
39.36
93.32
92.39
94.29
93.84
97.56
96.99
98.24
97.97
26.60
97.37
96.45
134.12

75.64
16.25
49.36
12.69
63.88
47.23
78.97
65.89
12.99
16.01
16.38
15.60
18.29
15.01
15.71
15.23
16.26
14.20
15.69
15.40
39.31

37.77
67.41
22.78
32.08
48.98
13.78
48.67
37.26
28.04
65.17
66.88
62.79
58.89
63.48
64.69
62.02
65.30
21.20
56.03
64.58
67.90

37.02
66.99
24.12
33.83
49.59
13.92
46.19
40.64
30.07
63.84
65.52
62.17
63.84
66.89
66.52
63.12
66.42
21.37
65.25
57.39
68.58

0.8812
0.7244
0.9079
0.1877
0.8780
0.9861
0.8984
0.7311
0.2766
0.5806
0.5929
0.5338
0.4204
0.6022
0.5712
0.5355
0.5916
0.6076
0.4510
0.4419

0.9860 9.ar

5.140.8285
76.3 0.8862

0%4. 0.7779

81.7 0.8943

371. 0.3572
622. 0.6230
880 0.9972
Q5 0.9543

61.6 0.8331

438. 0.8335
48. 0.9298

42.2 0.7615
52.3 0.8212
9.4 0.8658

5@. 0.9129

72.2 0.7646
66.0 0.9023
92.4 0.7558
2.2 0.7972
32.3 0.8104
0.9483

61.39
165.49
32.29
7.56
102.50
18.70
80.24
59.74
4.82
163.52
164.43
162.21
166.81
161.91
163.11
161.73
164.71
0.70
161.62
160.75
144.49

196.51
16.54
196.54
18.30
199.28
199.46
201.21
201.22
22.56
25.37
25.35
26.40
29.32
29.32
30.34
30.36
30.38
210.26
30.45
30.56
211.24

222.46
65.58
142.14
136.09
237.59
195.44
217.28
243.68
126.26
85.61
81.12
94.50
107.35
82.16
84.33
94.16
82.05
265.08
106.48
105.93
166.46

357.57
357.69
3.27
344.09
332.19
357.35
179.31
267.44
340.58
353.38
358.18
346.58
345.59
354.50
357.05
346.86
357.19
348.91
337.94
342.55
0.18
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0293
0294
0295~
0296
0297*
0298
0299
0300
0301
0302*
0303*
0304
0305
0306
0307
0308
0309
0310
0311
0312
0313

2006/10/24
2006/10/24
2006/10/26
2006/10/27
2006/11/06
2006/11/08
2006/11/09
2006/11/09
2006/11/09
2006/11/09
2006/11/09
2006/11/09
2006/11/11
2006/11/13
2006/11/14
2006/11/18
2006/11/19
2006/11/19
2006/11/19
2006/11/19
2006/11/19

22:17:02
23:33:05
22:41:19
21:42:14
00:19:55
23:24:32
00:11:03
00:44:59
01:06:04
03:11:42
04:32:59
05:14:20
21:22:48
04:56:27
05:59:14
02:25:03
04:12:25
04:18:16
04:46:01
05:41:04
05:41:05

113.14
44.50
21.66
49.21
120.36
156.54
35.90
56.84
218.54
148.51
193.17
117.41
56.05
176.21
151.42
151.59
154.25
217.17
187.08
88.11
154.28

49.47
14.90
10.55
-3.16
46.97
45.18
27.29
23.69
76.59
28.92
29.18
7.17
16.63
12.96
24.51
-3.76
21.68
73.43
15.28
76.12
21.53

58.93
29.19
18.52
29.39
59.84
53.09
16.95
28.00
32.31
68.84
52.13
69.70
26.01
63.90
70.21
69.57
70.09
30.96
62.67
34.51
69.34

61.81
29.21
18.59
30.88
65.38
61.18
15.61
29.27
34.66
66.43
50.95
74.19
25.82
63.16
67.57
70.43
69.15
31.81
61.93
31.43
70.56

0.8407 522.

0.2894 91.7

0.7116 72.

0.4344 @&.8

0.706743.62
0.9733 781.
0.7001
0.3318
0.9982 362.
0.9806 .93
0.4200 .3&%

0.7876 712.

0.4185
0.3807 849.
0.9901 624.
0.9245 .697
0.9967 295.
0.9971 911.
0.3814 8.93

0.7265 52.1

0.9971 19%6.

01.7
91.9

81.9

0.6667
0.8379
0.7370
0.8482
1.0162
0.4545
0.5885
0.8330
0.5773
0.7518
0.9219
1.2902
0.7883
0.9613
0.7859
0.9881
0.8116
0.4767
0.9976
0.6624
0.8389

129.04
4.58
1.14

26.41

129.20

120.49
5.29
3.27

58.11

153.39

93.75

154.50
5.31

154.45

159.22

154.07

162.33

55.36

137.39

53.32

162.61

211.27
30.35
33.39
34.24
223.35
226.32
226.32
226.33
226.39
226.48
226.53
46.56
49.28
230.57
231.62
55.50
236.59
236.59
236.61
236.64
236.65

233.36
123.94
71.20
103.44

250.48
151.68
259.05
298.10
185.72
162.75
77.91
51.74
108.58
74.71
167.76
327.99
173.12
187.61
76.19
251.91
173.53

350.28
342.68
350.80
351.29

72.00
15.96

338.79
345.04
358.81

2.10
3.35
-6.47
344.15
1.31
1.13
0.18
0.45
357.75
0.21
345.97
0.34

€61



0314
0315
0316~
0317
0318
0319
0320
0321~
0322
0323*
0324
0325*
0326
0327
0328
0329
0330
0331
0332*
0333
0334

2006/11/20
2006/11/20
2006/11/21
2006/11/21
2006/11/24
2006/11/24
2006/11/24
2006/11/24
2006/11/24
2006/11/25
2006/11/25
2006/11/26
2006/11/26
2006/11/26
2006/11/26
2006/11/27
2006/11/28
2006/11/28
2006/11/29
2006/11/29
2006/11/29

02:22:07
04:27:23
04:59:52
05:25:12
02:19:56
02:33:29
02:53:01
04:20:15
04:53:23
00:13:16
06:05:45
05:17:50
05:21:07
05:22:23
06:30:02
03:54:30
00:20:42
04:46:35
01:17:59
04:12:10
04:22:26

169.77
155.22
155.60
132.27
160.62
73.88
138.27
133.97
141.87
340.27
155.70
75.39
239.25
161.90
190.22
126.84
69.36
127.28
134.53
177.16
70.77

20.08
21.68
21.27
25.37
49.97
24.85
25.08
7.92
22.66
55.61
42.96
17.48
80.94
20.87
40.28
21.74
15.67
31.83
27.00
31.85
27.35

44.65
68.10
66.94
47.56
48.73
28.49
62.41
68.11
57.63
16.21
46.68
26.00
29.94
69.46
56.33
54.87
23.34
56.62
62.99
48.05
25.62

55.93
68.53
63.41
59.21
56.92
28.05
63.44
68.29
55.01
16.34
55.55
26.18
29.71
53.75
57.85
52.98
22.65
56.79
61.38
60.39
24.93

0.3277
0.9970
0.9979
0.2976
0.8982
0.3371
0.6208
0.7477
0.4651
0.9797
0.6792
0.4062
0.9698
0.7641
0.9001
0.1621
0.5199
0.2359
0.4245
0.7435
0.4854

870.
333.

.78L

091.
691.
11.9
851.
948.
930.

TR

121.
8dl.
892.
761.
735.
181.
61.9
052.

Rel0%

301.
82.4

0.6234
0.7008
0.4405
0.7258
0.4677
0.8232
0.6645
0.9163
0.5006
0.7953
0.3926
0.7815
0.6642
0.5651
0.8429
0.8627
0.7350
0.8851
0.8536
0.4283
0.8039

142.69
161.51
161.26
160.68
107.95
1.49
162.45
162.12
163.95
20.27
116.34
7.39
49.18
156.31
107.51
172.61
6.78
143.05
157.94
123.75
3.29

237.52
237.61
238.64
238.66
241.56
241.49
241.59
61.63
241.67
242.47
242.73
63.72
243.70
243.71
243.76
244.67
65.54
245.71
246.58
246.70
246.66

37.33
173.16
173.15
315.78
232.48
297.98
267.18

61.89
307.41
197.43
281.75
110.69
202.43

91.05
141.36
324.13
97.65
308.87
284.54

88.69
278.94

87.58
0.89
2.85

301.51

333.89

343.94
341.19
358.36
288.86
358.84
293.60
342.51
356.62

82.85
2.05

328.60

343.38

346.80

351.25

69.07

348.86

761



0335
0336
0337*
0338*
0339
0340
0341*
0342~
0343
0344
0345
0346*
0347
0348
0349
0350
0351*
0352*
0353
0354~
0355

2006/11/29
2006/11/29
2006/12/01
2006/12/01
2006/12/04
2006/12/04
2006/12/05
2006/12/06
2006/12/07
2006/12/08
2006/12/08
2006/12/09
2006/12/09
2006/12/11
2006/12/11
2006/12/11
2006/12/11
2006/12/12
2006/12/12
2006/12/12
2006/12/12

06:02:17
06:30:31
05:18:16
23:13:37
00:36:02
06:20:30
03:06:54
05:52:37
06:07:53
02:55:07
04:19:54
01:17:37
06:05:47
04:51:10
04:59:14
20:24:34
23:01:38
00:08:08
00:14:59
01:10:10
01:30:36

195.54
308.44
137.75
209.66
329.66
128.33
125.91
87.31
160.44
151.44
187.00
99.52
109.47
199.06
127.38
97.14
146.41
111.98
109.85
111.34
110.69

76.49
60.38
-22.06
57.45
59.97
1.09
22.52
18.02
-14.65
43.48
13.53
9.11
34.42
9.93
1.60
34.93
47.20
33.44
33.69
33.73
33.71

38.10
19.68
61.49
36.92
17.46
62.38
57.16
25.52
62.63
59.83
52.58
42.23
33.14
57.78
60.09
36.12
50.58
30.45
33.11
30.66
32.97

37.96
19.58
60.83
40.36
17.53
58.89
57.38
26.35
63.47
60.09
62.22
38.52
32.59
55.31
54.09
32.02
53.79
32.53
32.00
33.67
32.48

0.9531 524.
0.9977 .601
0.955817.60
0.9731 .8(
0.9936 855.
0.4084
0.1145 513
0.3932 7Q.
0.9887 .002
0.6368 .254
0.5497 251.

0.1824 6.8

0.1489 211.
0.3921
0.2467
0.2548
0.4607 .063
0.1507 .09
0.1589 241.
0.1548 .171
0.1554 231.

55.3

71.3
47.3
42.6

0.7893
0.9140
0.9457
0.4606
0.8302
0.9237
0.9674
0.7681
0.5056
0.9553
0.5611
0.9625
0.8769
0.7134
0.9664
0.9035
0.8495
0.8621
0.8715
0.8671
0.8739

63.39
26.20
116.09
70.59
22.97
136.27
168.47
7.93
140.65
118.17
147.19
35.25
23.76
139.95
124.66
17.68
101.01
21.96
22.06
22.75
22.78

246.77
246.78
68.77
249.53
251.60
71.85
252.74
73.88
74.88
255.77
255.83
76.72
256.91
258.90
78.90
259.55
259.67
259.71
259.71
259.75
259.77

206.66
185.67
24.61
153.86
189.63
103.72
323.23
113.38
345.11
255.14
71.82
131.88
325.27
62.43
122.86
304.80
280.35
326.60
323.74
325.10
324.21

358.04
359.91
359.74
13.25
359.54
355.72
354.99
339.63
434
359.29
52.53
265.88
330.89
30.76
174.97
350.80
351.09
325.18
331.65
328.75
331.58

G6T



0356
0357
0358
0359
0360*
0361
0362*
0363
0364
0365*
0366
0367*
0368
0369
0370
0371
0372
0373
0374
0375
0376

2006/12/12
2006/12/15
2006/12/16
2006/12/16
2006/12/16
2006/12/16
2006/12/21
2006/12/22
2006/12/23
2006/12/23
2006/12/23
2006/12/23
2006/12/23
2006/12/31
2006/12/31
2006/12/31
2006/12/31
2006/12/31
2007/01/08
2007/01/08
2007/01/15

23:16:10
20:42:06
03:43:18
04:32:34
05:34:17
21:33:27
03:43:37
22:43:57
00:05:00
00:48:35
01:08:29
02:26:22
03:06:44
00:39:46
01:51:44
03:00:22
03:34:33
03:47:06
01:48:24
04:13:14
22:25:29

111.87
138.11
93.78
203.22
188.34
82.57
160.08
214.38
237.38
283.51
140.12
121.11
141.36
169.82
131.68
53.17
146.50
203.77
215.07
229.32
202.27

32.65
55.83
26.91
5.73
16.25
18.19
-3.24
77.50
68.31
56.12
-4.63
12.18
-10.53
41.21
40.58
75.49
-8.89
14.40
76.93
45.64
51.04

32.52
45.10
23.14
61.12
66.48
19.76
71.03
33.00
32.71
19.72
54.80
38.24
58.13
55.03
39.64
13.18
53.32
63.49
21.38
50.43
45.94

33.61
45.29
25.35
63.57
67.67
20.23
69.13
32.25
32.92
19.56
55.79
37.76
57.87
52.61
38.77
13.40
57.86
64.36
23.76
44.78
50.93

0.1405 211.
0.4715 004.
0.4489
0.4903
0.9524 1%
0.6075
0.806232.64
0.9496 464.
0.9972 983.
0.9761 572
0.2852 442.
0.0938 .551
0.4565 .784
0.5380 574.
0.2526 473.
0.9516
0.3170 213.
0.9465 562.
0.9517 731.
0.9937 .038
0.8661 .589

4.7
33.0

41.8

21.9

0.8837
0.8822
0.7426
0.8384
0.7704
0.6701
1.0247
0.7869
0.7497
0.6202
0.8832
0.9395
0.9045
0.8824
0.9271
0.5045
0.9011
0.6296
0.4509
0.9449
0.9913

21.82
75.05
1.79
148.07
147.94
5.26
159.44
52.22
53.88
29.83
122.41
27.04
119.63
101.95
43.53
17.69
118.46
139.56
37.70
80.85
81.20

260.69
263.64
263.86
263.97
264.01
84.71
89.02
270.85
270.91
270.93
90.95
91.01
91.03
279.08
279.13
279.17
99.21
279.22
287.28
287.38
295.29

326.34
277.33
287.16
83.06
152.80
88.73
52.18
207.69
186.56
159.72
121.63
150.57
98.30
269.30
303.62
211.16
116.58
149.49
212.46
170.65
223.35

331.13
354.87
340.03
8.67
3.00
341.28
177.98
357.91
359.42
3.92
349.56
342.25
356.13
355.38
354.20
351.14
351.66
5.69
348.75
0.70
177.75
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0377
0378*
0379*
0380
0381
0382
0383
0384
0385
0386
0387
0388
0389
0390
0391
0392
0393
0394
0395
0396
0397

2007/01/15
2007/01/16
2007/01/17
2007/01/17
2007/01/17
2007/01/17
2007/01/20
2007/02/03
2007/02/06
2007/02/13
2007/02/18
2007/02/18
2007/02/26
2007/03/02
2007/03/02
2007/03/02
2007/03/03
2007/03/04
2007/03/05
2007/03/09
2007/03/09

23:35:16
05:23:42
05:11:43
05:19:38
05:51:02
06:20:48
03:14:47
01:37:30
20:38:12
06:35:57
05:00:16
05:02:28
05:47:25
04:59:01
05:33:00
19:42:41
21:07:47
23:09:29
05:09:38
02:23:43
02:48:47

193.25
278.38
164.02
302.13
287.61
211.76
132.88
33.19
138.75
195.51
244.38
223.03
224.65
198.21
239.66
357.82
185.15
275.68
232.67
192.33
249.03

56.10
37.42
26.73
72.60
20.88
26.33
16.69
38.98
48.94
412
8.85
13.34
-25.20
28.94
32.54
45.38
37.08
61.17
7.53
4.56
57.82

37.94
75.30
41.33
16.11
31.03
58.78
23.17
73.97
29.83
59.30
62.31
54.55
64.91
38.59
37.89
13.80
29.92
18.19
59.72
35.69
27.55

44.98
51.74
60.38
16.11
29.80
57.39
19.21
78.78
22.38
58.46
63.77
66.23
65.20
38.21
32.77
14.25
30.21
22.93
60.73
36.08
28.28

0.7946 59%4.
0.85980.31
0.15566.59
1.0000 402.
0.6948 .435
0.9658 762.
0.4622 301.
1.0000 160.
0.7408 1.39

0.1521 981.

0.9974
0.6845 137.
0.6915 .512
0.4305 59%4.
0.7251 051.
0.9115 422.
0.6099 684.
0.9844 461.
0.6162
0.1763
0.9856 292.

14.0

74.0
82.0

0.8267
3.7704
1.0236
0.5838
0.9804
0.6496
0.6441
11.1855
1.0179
0.9873
0.7514
0.9040
0.7243
0.9062
0.3068
0.6238
0.8697
0.3255
0.8487
0.9152
0.5691

68.54
65.90
85.54
24.37
34.24
115.28
2.90
17.20
21.48
144.61
128.82
123.20
162.84
49.99
70.35
14.46
32.59
36.35
126.41
16.55
47.03

295.34
295.58
296.60
296.59
296.62
296.65
119.62
313.72
317.57
324.07
329.05
329.05
157.13
341.12
341.15
341.73
342.80
343.89
344.14
348.02
348.04

237.82
144.80
314.76
180.44
112.54
204.12
111.95
180.24
241.35
314.99
173.74
254.27
74.60
281.42
281.27
140.33
260.71
158.70
260.59
316.36
196.20

173.75
81.88
160.16
0.08
0.34
355.96
325.62
2.33
175.44
359.14
0.64
164.10
349.28
355.91
292.52
7.86
356.03
11.53
354.94
347.85
356.41

L6T



0398*
0399
0400
0401
0402*
0403
0404
0405
0406
0407
0408
0409
0410
0411
0412
0413
0414
0415
0416
0417
0418

2007/03/18
2007/03/19
2007/03/20
2007/03/25
2007/03/26
2007/03/28
2007/03/29
2007/03/29
2007/03/29
2007/04/02
2007/04/04
2007/04/04
2007/04/05
2007/04/05
2007/04/17
2007/06/18
2007/07/30
2007/08/02
2007/08/02
2007/08/02
2007/08/03

03:42:56
21:36:54
01:21:13
23:19:21
02:24:00
00:57:25
01:44:02
03:19:05
03:45:44
04:49:19
21:17:09
23:04:29
00:41:36
01:00:09
04:22:16
02:03:30
23:02:30
23:10:32
23:20:46
23:46:56
01:51:34

258.18
24451
220.70
171.72
240.16
300.32
286.28
301.78
263.79
284.04
204.75
225.89
268.39
187.35
331.50
295.44
283.44
32.98
339.00
16.48
32.27

21.43
34.19
30.12
52.27
35.01
69.50
38.04
-2.06
-0.35
77.67
5.93
79.15
45.22
3.26
17.82
-24.16
12.36
58.92
-14.36
29.36
52.79

55.36
43.29
39.70
18.10
31.37
20.69
46.64
47.83
58.76
18.38
26.63
16.51
36.31
19.13
65.40
18.86
15.01
57.42
34.79
63.43
58.00

55.00
44.65
40.57
18.67
39.77
21.64
45.80
55.43
57.60
18.58
26.20
17.53
37.36
15.82
42.49
54.94
16.46
56.90
39.70
64.54
55.58

0.9540
0.8380
0.5866
0.9326
0.7445
0.9742
0.9609
0.2921
0.7483
0.9953
0.4488
1.0000
0.9893
0.7168
0.3446
0.1794
0.8554
0.9287
0.1163
0.8721
0.9470

.06 0.8108
523. 0.7616
617. 0.9229
549. 0.9022
96L  0.6199
442. 0.6005
751 0.9182
141. 0.7428
441. 0.4797
832. 0.6480
91.9 0.7743
672. 0.6248
732. 0.6378
61.9 0.6348
212 1.1560
990 0.8189
612. 0.6717
086. 0.9742
971 0.9410
33.8 0.7721
83.0 0.6928

103.18
76.59
59.13
18.58
60.80
33.62
79.34

134.03

135.05
28.15
13.14
25.66
64.23

0.68

98.90
25.49
13.15

106.81
19.29

142.95

114.13

357.06
358.80
358.95
3.83
4.95
6.87
7.89
7.96
7.98
11.96
14.61
13.70
14.76
14.48
27.49
267.22
126.33
129.21
309.22
129.24
130.28

206.24
231.35
262.03
210.91
252.70
158.63
156.68
47.14
257.19
171.11
285.26
180.58
193.47
254.72
69.79
148.23
230.22
148.83
145.38
225.10
150.39

358.25
354.84
358.09
359.29
339.67
4.49
0.44
45.13
330.52
1.57
344.10
0.04
357.74
343.63
32.40
132.96
351.97
0.12
347.79
355.87
4.39
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0419
0420
0421
0422
0423
0424
0425+
0426
0427
0428
0429
0430
0431*
0432
0433
0434
0435
0436*
0437
0438
0439

2007/08/06
2007/08/06
2007/08/06
2007/08/06
2007/08/12
2007/08/13
2007/08/13
2007/08/13
2007/08/13
2007/08/13
2007/08/13
2007/08/13
2007/08/13
2007/08/14
2007/08/15
2007/08/19
2007/12/08
2007/12/08
2007/12/08
2007/12/13
2007/12/13

00:03:05
00:41:54
01:22:38
01:46:26
22:51:39
02:43:57
02:47:45
02:56:42
03:11:15
03:14:57
03:17:21
03:25:05
03:26:48
02:29:02
02:45:09
22:43:08
19:51:30
20:57:24
23:32:18
23:20:59
23:53:03

334.78
39.22
23.29

341.44
57.67
47.94
47.88
46.67
64.36
48.83
46.24
44.29
45.34
49.97
50.55

305.68
70.02
98.26

105.99

111.64

110.10

38.62
56.56
18.94
49.75
59.64
57.70
57.86
57.47
56.48
36.28
57.88
59.85
57.52
58.31
57.72
65.49
16.94
8.77
30.74
32.97
33.29

33.69
49.29
58.32
52.26
57.93
50.16
36.73
52.41
51.91
50.91
58.70
73.32
50.12

50.36
58.01
34.21
17.46
39.13

31.40
30.05
25.22

36.36
57.32
66.58
46.04
57.06
58.71
40.62
56.96
44.18
60.27
59.12
47.78
56.31
50.88
58.72
26.76
18.78
41.13
28.31
30.89
39.26

0.5444 391.

0.8812 22.2
0.6995 12.0

0.8439 0.82

0.8474 8r0.

0.8950
0.5624 32.
0.9178
0.5824
0.7101

0.9433 174.
0.9266 472.

0.9130 oO.
0.8607
0.9294
0.9769 483.
0.6591

0.1901 4.6

0.1618 061.
0.1714 111.
0.1829 231.

32.5

32.4

11.3
01.1

8lL.4
76.7

8L.7

0.6074
0.6038
0.6519
1.0405
0.9217
0.6457
0.5748
0.6226
0.5552
0.3536
0.9332
1.3749
0.5437
0.4171
0.8627
0.7193
0.6290
0.9590
0.8473
0.8459
0.8510

62.82
108.01
163.59

84.41
110.09
109.62

81.62
110.27
103.60
144.15
112.85
108.97
108.67
106.13
113.50

50.59

5.63

36.14

13.36

18.64

21.12

133.07
133.10
133.13
133.14
139.74
139.89
139.89
139.90
139.91
139.92
139.92
139.92
139.92
140.85
141.82
146.46
76.25

76.28

256.37
261.45
261.47

282.04
130.09
259.95
226.58
132.97
134.05
69.33
141.01
78.00
80.23
151.96
141.96
136.21
121.76
147.93
199.63
83.27
130.89
325.88
323.93
321.49

328.01
16.76
334.35
176.73
0.90
14.32
84.45
9.12
42.82
77.49
0.38
24.21
16.23
24.32
1.29
356.83
340.13
356.30
322.68
325.26
331.14
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0440
0441
0442
0443
0444
0445
0446*
0447
0448
0449*
0450*
0451
0452
0453
0454
0455
0456
0457

2007/12/14
2007/12/14
2007/12/14
2007/12/14
2007/12/14
2007/12/14
2007/12/14
2007/12/15
2007/12/15
2007/12/15
2007/12/20
2007/12/22
2007/12/22
2007/12/22
2007/12/22
2007/12/23
2007/12/23
2007/12/23

01:01:26
01:15:52
02:00:33
05:01:16
06:23:46
21:06:17
23:34:47
00:33:51
03:04:55
03:07:22
18:51:34
18:56:49
20:44:54
22:00:40
23:08:38
01:31:06
04:03:37
05:40:03

112.93
113.16
113.61
113.89
114.68
118.61
113.94
113.70
113.94
117.42
291.32
223.04
217.80
215.20
237.42
213.39
215.40
95.79

33.12
33.22
33.11
32.93
33.22
29.24
32.76
31.95
30.16
33.45
38.19
76.38
77.21
76.57
74.05
53.25
75.61
27.06

36.58
29.30
34.02
31.26
31.85
28.47
32.64
31.10
31.59
28.97
15.25
32.60
33.56
34.02
25.35
42.45
33.43
23.57

33.86
33.17
33.34
32.27
27.71
32.01
32.95
34.08
22.53
33.95
15.73
32.84
32.92
33.67
28.13
43.59
32.66
23.13

0.1337
0.1629
0.1415
0.1594
0.1764
0.1094
0.1457
0.1469
0.2003
0.1494
0.9385
0.9583
0.9524
0.9523
0.9856
0.9995
0.9548
0.5345

401. 0.9046
121. 0.8548
261. 0.8878
171. 0.8637
071. 0.8346
900. 0.8778
200 0.8785
201. 0.8773
970. 0.7925
.06L  0.8586
.02  0.5520
274. 0.7756
015. 0.8100
415. 0.8239
042. 0.5170
572. 0.6107
814. 0.8015

22.2 0.7592

25.88
20.96
24.09
20.48
18.44
15.66
22.19
20.29
11.88
24.01
20.84
52.75
53.12
54.10
45.37
77.06
52.91
1.00

261.52
261.53
261.56
261.69
261.74
262.37
262.48
262.52
262.62
262.63
268.38
270.43
270.50
270.56
270.60
270.71
270.81
270.70

325.49
324.77
325.64
324.48
324.20
334.88
325.75
325.67
324.34
327.35
145.78
205.23
206.66
206.55
196.78
180.93
206.06
274.68

337.87
326.31
333.19
328.73
322.47
312.95
330.61
330.53
314.08
323.27
8.91
357.96
358.32
358.52
355.42
179.95
358.25
346.52

00¢



