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A
Atomic Units

The atomic unit system is based on the following definitions:

�= me = e = 4πε0 = 1, (A.1)

where � is Plancks constant divided by 2π, me and −e are the mass and the charge of the
electron, respectively, and ε0 the permittivity of free space. From the dimensionless fine
structure constant α = e2/4πε0c = 1/137 one directly sees that the speed of light c in this
unit system has a numerical value of 137.

With these definitions all physical quantities are related to that of the hydrogen atom,
giving a natural scale in atomic physics. As an example, the Bohr radius a0, being the
radius of the electron in the hydrogen ground state in Bohr’s atomic model, is given by
a0 = 4πε0�

2/me e2 = 1. An overview of the most important quantities is given in table A.1.
Throughout this thesis both the projectile velocity and kinetic energy are used. For

non-relativistic collision energies the relation between them is given by:

v(km s−1) = 438
√

E(keV/amu) (A.2)

It is of note that 1 atomic mass unit (amu) is 1/12 of the mass 12C, which is different from
one unit of mass in atomic units.

Table A.1: Overview of the most important physical quantities, giving the SI values related to 1
atomic unit of the corresponding quantity.

Quantity SI value non-SI value definition

length . . . . . . . . . . . . . . 5.29177249×10−11 m 0.529 Å a0

time . . . . . . . . . . . . . . . . 2.41888433×10−17 s a0(αc)−1

velocity . . . . . . . . . . . . 2.18769142×106 m s−1 αc
mass. . . . . . . . . . . . . . . . 9.1093897×10−31 kg 511 keV c−2 me

energy . . . . . . . . . . . . . 4.3593×10−18 J 27.2 eV me (αc)2

charge . . . . . . . . . . . . . 1.6021773×10−19 C e
momentum . . . . . . . . 1.99285337×10−24 kg m s−1 meαc
angular momentum 1.0545887×10−34 J s �= meαca0

127





B
Observational Details of
the Chandra Comet Survey

This appendix presents the observational details of the Chandra data and the correspond-
ing solar wind state. The prefix ‘FF’ (fearless forecast) used in this appendix refers to the
real time forecasting of coronal mass ejection shocks arrivals at Earth. The numbers were
so-named for flare/coronal shock events during solar cycle #23.

C/1999 S4 (LINEAR)

X-rays. The first Chandra cometary observation was of comet C/1999 S4 (LINEAR) (Lisse
et al., 2001), with observations being made both before and after the breakup of the nu-
cleus. Due to the low signal-to-noise ratio of the second detection, only the July 14th 2000
pre-breakup observation is discussed here. Summing the 8 pointings of the satellite gave a
total time interval of 9390 s. In this period, the ACIS-S3 CCD collected a total of 11 710 pho-
tons were detected in the range 300–1000 eV. Detections out side this range or on other
ACIS-CCDs were not attributed to the comet. As a result, data from the S1-CCD (which is
configured identically to S3) may be used as an indicator of the local X-ray background.

The morphology can be described by a crescent shape, with the maximum brightness
point 24 000 km from the nucleus on the Sun-facing side. The brightness dims to 10% of
the maximum level at 110 000 km from the nucleus.

Solar wind. A large velocity jump can be seen around DoY 199, which was due to the
famous ‘Bastille Day’ flare on 14 July (FF#153, Dryer et al., 2001; Fry et al., 2003). This flare
reached the comet only after the first observation. At July 12, 2017 UT a solar flare started
at N17W65 (FF#152), which was nicely placed to hit this comet with a very high probability
during the first observations (Fry et al., 2003). As for the second observation, there was
another flare on July 28, S17E24, at 1713 UT (FF#164) and there was a high probability that
its shock’s weaker flank hit the comet.
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130 Observational Details of the Chandra Comet Survey

C/1999 T1 (McNaught–Hartley)

X-rays. The allocated observing time of comet McNaught-Hartley was partitioned into
5 one-hour-slots between January 8th and January 15th, 2001 (Krasnopolsky et al., 2002).
The strongest observing period was on January 8th, when Δ= 1.37 AU and rh = 1.26 AU.

There were 15 000 total counts observed by the ACIS-S3 CCD between 300 and 1000 eV.
The emission region can be described by a crescent, with the peak brightness is at 29 000 km
from the nucleus. The brightness dims to 10% of the maximum at a cometocentric dis-
tance of 260 000 km. Again, the ACIS-S1 CCD may be used to indicate the local background
signal.

Solar wind. The comet was not within the heliospheric current/plasma sheet (HCS/HPS).
Two corotating CIRs are probably associated with the first two observations. Two flares
(FF#233 and #234) took place; however, another corotating CIR more likely arrived before
the flare’s transient shock’s effects did (McKenna-Lawlor et al., 2006).

C/2000 WM1 (LINEAR)

X-rays. The only attempt to use the high-resolution grating capability of the ACIS-S array
was made with comet C/2000 WM1 (LINEAR). Here, the Low-Energy Transmission Grat-
ing (LETG) was used. The dimness of the observed X-rays, and the extended nature of the
emitting atmosphere meant that the grated spectra did not yield significant results. It is
still possible to extract a spectrum based on the pulse-heights generated by each X-ray de-
tection on the ACIS-S3 chip, although the morphology is not recorded. 6300 total counts
were recorded for the pulse-height spectrum of the S3 chip in the 300 to 1000 eV range.

Solar wind. Comet WM1 was observed at the highest latitude available within this survey,
and at a latitude of 34 degrees, it was far outside the HCS. During the observations, this
comet might have experienced the southerly flank of the shock of a strong X3.4 flare at
S20E97 and its ICME and shock on December 28, 2001 (FF#359) (McKenna-Lawlor et al.,
2006).

153P/2002 (Ikeya–Zhang)

X-rays. The brightest X-ray comet in the Chandra archive is 153P/2002 (Ikeya–Zhang).
The heliographic latitude, geocentric distance and heliocentric distance were comparable
to those for comet C/1999 S4 (LINEAR), with a latitude of 26◦, Δ= 0.457 AU and rh = 0.8 AU.
Rather than periodically re-point the detector to track the comet, the pointing direction
was fixed and the comet was monitored as it passed through the field of view, thus in-
creasing the effective FoV. There were two observing periods on April 15th 2002, each last-
ing for approximately 3 hours and 15 minutes. In both periods, a strong cometary signal is
detected on all of the activated ACIS-CCDs. Consequently, a background signal cannot be
taken from the observation. A crescent shape on the Sun side of the comet is observed over
all of the CCD array. Over 200 000 total counts were observed from the S3 chip in the 300 to
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1000 eV range. The time intervals for each observing period are 11 570 and 11 813 seconds.

Solar wind. Like C/2000 WM1, this comet was observed at a relatively high heliographic
latitude. Solar wind data obtained in the ecliptic plane can therefore not be used to deter-
mine the wind state at the comet. 153P/2002 (Ikeya–Zhang) was well-positioned during
the first observation on 15 April 2002 for a flare at N16E05 (FF#388) on 12 April 2002. Dur-
ing the second observation on 16 April, there was an earlier flare on 14 April at N14W57,
but this flare was probably too far to the west to be effective (McKenna-Lawlor et al., 2006).
The comet was observed at a high latitude, and hence ACE solar wind data is most likely
not applicable.

2P/2003 (Encke)

X-rays. The Chandra observation of Encke took place on the 24th of November 2003 (Lisse
et al., 2005), when the comet had a heliocentric distance of rh = 0.891 AU and a geocentric
distance of Δ= 0.275 AU and a heliographic latitude of 11.4 degrees. The comet was con-
tinuously tracked for over 15 hours, resulting in a useful exposure of 44 000 seconds. The
ACIS-S3 CCD counted 6140 X-rays in the range 300–1000 eV.

The brightest point was offset from the nucleus by 11 000 km, dimming to 10% of this
value at a distance of 60 000 km.

The ACIS-S1 CCD was not activated in this observation. The low quantum efficiency of
the other activated CCDs below 0.5 keV makes them unsuitable as background references.
Solar wind. The proton velocity decreased during observations from 600 to 500 km s−1. A
flare on 20 November 2003, at N01W08 (FF#525), was well-positioned to affect the obser-
vations on 23 November (data from work in progress by Z.K. Smith et al.). The comet most
likely interacted with the overexpanded, rarified plasma flow that followed the earlier hot
shocked and compressed flow behind the flare’s shock.

C/2001 Q4 (NEAT)

X-rays. A short observation of comet C/2001 Q4 was made on May 12 2004, when the
geocentric and heliocentric distances were Δ = 0.362 AU and rh = 0.964 AU respectively.
With a heliographic latitude of 3 degrees, the comet was almost in the ecliptic plane. From
3 pointings, the useful exposure was 10 328 seconds. The ACIS-S3 chip detected 6540 X-
rays in between 300 and 1000 eV. The ACIS-S1 was used as a background signal.

Solar wind. There was no significant solar activity during the observations (Z.K. Smith et
al., ibid.). From solar wind data, the comet interacted with a quiet, slow 352 km s−1 wind.

9P/2005 (Tempel 1)

X-rays. The observation of comet 9P/2005 (Tempel 1) was designed to coincide with the
Deep Impact mission (Lisse et al., 2007). The allocated observation time of 291.6 ks was
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split into 7 periods, starting on June 30th, July 4th (encompassing the Deep Impact colli-
sion), July 5th, July 8th, July 10th, July 13th and July 24th. The brightest observing periods
were June 30th and July 8th. The focus here is on the June 30th observation. On this date,
rh = 1.507 AU and Δ= 0.872 AU.

The useful exposure was 50 059 seconds, with a total of 7300 counts, 4000 from the
June 30th flare alone, were detected in the energy range of 300–1000 eV.

The brightest point for the June 30th observation was located 11 000 km from the nu-
cleus. The morphology appears to be more spherical than in other comet observations.

Solar wind. Observations were taken over a long time span covering different solar wind
environments. There was no significant solar activity during the 30 June 2005 observations
(Z.K. Smith et al., ibid. Lisse et al., 2007). From the ACE data, it can be seen that at June 30,
the comet most likely interacted with a quiet, slow solar wind.

73P/2006 (Schwassmann–Wachmann 3B)

X-rays. The close approach of comet 73P/2006 (Schwassmann–Wachmann 3B) in May
2005 (Δ = 0.106 AU, rh = 0.965 AU) provided an opportunity to examine cometary X-rays
in high spatial resolution. Chandra was one of several X-ray missions to focus on one of
the large fragments of the comet. Between 300 and 1000 eV, 6285 counts were obtained in
a useful exposure of 20 600 seconds.

Solar wind. There was a weak flare on 22 May 2006 (FF#655, Z.K. Smith, priv. comm.). A
sequence of three high speed coronal hole streams passed the comet in the period around
the observations and a corotating CIR might have reached the comet in association with
the observations on 23 May, which is confirmed by the mapped solar wind data.




