University of Calgary
PRISM: University of Calgary's Digital Repository
Graduate Studies

Legacy Theses

1996

The environs of filled-centre supernova remnants
Wallace, Bradley J.
Wallace, B. J. (1996). The environs of filled-centre supernova remnants (Unpublished doctoral
thesis). University of Calgary, Calgary, AB. doi:10.11575/PRISM/16563
http://hdl.handle.net/1880/29082
doctoral thesis
University of Calgary graduate students retain copyright ownership and moral rights for their
thesis. You may use this material in any way that is permitted by the Copyright Act or through
licensing that has been assigned to the document. For uses that are not allowable under
copyright legislation or licensing, you are required to seek permission.
Downloaded from PRISM: https://prism.ucalgary.ca

THE UNIVERSITY OF CALGARY

The Environs of Filled- Centre Supernova Remnants

by

Bradley J. Wallace

A DISSERTATION
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE
DEGREE OF DOCTOR OF PHILOSOPHY

DEPARTMENT OF PHYSICS AND ASTRONOMY

CALGARY, ALBERTA
May, 1996

© Bradley

J. Wallace

1996

THE UNIVERSITY OF CALGARY
FACULTY OF GRADUATE STUDIES
The undersigned certify that they have read, and recommend to the Faculty of
Graduate Studies for acceptance. a dissertation entitled, "The Environs of FilledCentre Supernova Remnants" submitted by Bradley .J Wallace in partial fulfillment
of the requirements for the degree of Doctor of Philosophy.

Chairman, Dr. A. R. Tar, Department of Physics and Astronomy

Dr. T. L. Landecker, Dominion Radio Astrophysical Observatory

I

Dr.

\S.

Mulhree, Department of Physics and Astronomy

Dr. D. A. Leahy, 1ep'ftment of Physics and Astronomy

Dr. R. B. Hicks, Deparuent of Physics and Astronomy

Dr. K.V.I.S. Kaler, Department of Electrical and Computer Engineering

•Dc,-L A. 4"•l
Dr. D. Frail, U.S. National Radio Astronomy Observatory

Date
11

Abstract
The nature of the interstellar medium (ISM) around a number of filled-centre supernova remnants (FC SNRs) is investigated by directly imaging neutral atomic
hydrogen (HI) and CO emission around selected objects. The purpose of this investigation is to observationally test the hypothesis that FC SNRs lie in low density
regions of the ISM.
The large scale environments around four FC SNRs are explored through low
resolution HI observations. At least three of these remnants, 3C58, G74.9+1.2, and
the Crab Nebula, lie in low density regions of the ISM > 100 Pc across. The low
angular resolution of these observations precludes any information on the ISM immediately around these objects. For this reason, the HI environments of G74.9+1.2,
G63.7+1.1, and the Crab Nebula were investigated in more detail using higher resolution observations.
The high resolution HI data confirm that G74.9+1.2 lies within a low density
region of the ISM, but reveal that the SNR lies adjacent to a HI shell at the edge
of the region. The morphology of G74.9+1.2 indicates an interaction between the
SNR and the HI shell, and that the energy imparted to the SN ejecta is on the order
of iO

ergs, similar to that found in the Crab Nebula but two orders of magnitude

below the canonical value of

1051

ergs.

High resolution radio continuum observations of the candidate FC SNR G63.7+1.1
confirm that the object is indeed aFC SNR. G63.7+1.1 has asharply defined boundary around

2/3 of its circumference, coincident with a partial shell of HI; this

indicates that G63.7+1.1 is interacting with the ISM. The central radial velocity of
111

iv
the partial HI shell is

25 km/s and implies that both the feature and G63.7+l.l

are located at adistance of 3.8 kpc. CO and IR data suggest that G63.7+l.1 may be
interacting with molecular material to the south of the remnant, but the evidence is
ambiguous. A faint "tail" of continuum radio emission from the SNR, similar to the
"chimney" observed in the Crab Nebula, may trace the path of the SNRs progenitor
through the ISM.
High resolution observations of the region around the Crab Nebula show no concrete evidence for an interaction between the Crab and HI around it. These data
support the conclusion, from the low resolution observations, that the Crab lies in a
low density void in the ISM. It is suggested that material around the Crab Nebula,
seen on larger angular scales and reported to be associated with the stellar wind of
the Crab's progenitor, may instead be associated with anearby 0-star.
These results indicate that FC SNRs are not simply normal SNRs evolving in
low density regions of the ISM; at least some FC SNRs appear to be the end result
of low energy supernova explosions. This implies that FC SNRs are not, as has been
hypothesized, surrounded by invisible halos of fast moving ejecta.
Finally, the undisturbed ISM environment of G63.7+1.l and G74.9+1.2 suggests
that if the stellar progenitors of FC SNRs are massive stars they are unlikely to be
early 0-stars and instead are probably late- 0 or B-stars. The strongest constraint
that can be placed upon the nature of the progenitor stars is that the subsequent
supernovae must impart

10 49 ergs of energy to the ejected material, significantly

less than the value expected from studies of Shell SNRs.
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Chapter 1
Supernova Remnants and the Interstellar
Medium

"On a chi-chhou day in the fifth month of the first year of the Chih-Ho
reign-period a guest star' appeared at the south-east of Thien-Kuan,
measuring several inches (
tshun). After more than ayear it faded away."
(Ho, 1962)

This quotation, taken from Chinese records compiled in 1254 A.D., marks an
event which took place in 1054 A.D. In 1781 Charles Messier gave the designation
"Ml"
-

-

the first entry in his now-famous catalogue of extended astronomical objects

to the nebula which now occupies the position in the sky where the guest star

was seen. Messier was not interested in the nebula itself though; he was looking for
comets, and simply wanted a catalogue of nebular objects which might complicate
his search.
Others have not found the nebula as unworthy of comment as did Messier. Ml
has since become known more popularly as "The Crab Nebula," or simply "The
Crab," and is possibly the single most studied astronomical object outside of our solar
system. In 1971 the International Astronomical Union (IAU) sponsored asymposium
focused entirely on the Crab Nebula

-

the only symposium ever dedicated to asingle

non-solar-system object.

1

2
The guest-star of the oriental records is now recognized to have been the visible
signature of the explosion of amassive star, aphenomenon known as asupernova.
The Crab Nebula is the visible remains of the exploded star, and is an example of the
class of objects known as supernova remnants. Supernovae and supernova remnants
are of interest both in themselves, and for the role they play in the evolution of the
Galaxy; in particular, supernova explosions inject large amounts of energy into their
surrounding medium, shaping it and powering much of its dynamics.
The reasons for the interest in the Crab Nebula, and indeed for this thesis, require
some background., The bulk of this chapter will be spent attempting to provide this
background.

1.1

The Interstellar Medium

-

An Overview

The simplest definition of the interstellar medium (ISM) is "the stuff between the
stars." The make-up of the ISM is complex and includes, among other things, atomic
and ionized gas, clouds of molecular material, and particulate matter known as dust.
The various components of the ISM exist over alarge range of density and temperature, and aspecific component of the ISM can usually be found occupying different
density and temperature regimes. Models of the ISM (e.g.

McKee and Ostriker,

1977; Bregman et al., 1993) assume that the various components are in rough pressure equilibrium, mediated to some extent by the prescence of magnetic fields and
cosmic rays (highly relativistic particles) which permeate the ISM; it is clear, however, that large deviations from equilibrium exist on local scales. These deviations
are usually related to supernovae, supernova remnants, and their progenitor stars.

3
The following descriptions of various components of the ISM are intended to help
orient the reader. Recent reviews of the ISM include Hartquist ( 1994) and Millar
and Williams ( 1991).

1.1.1

The Molecular Medium

Approximately 90% of the visible matter in the universe is in the form of hydrogen
and, as aresult, the most common molecule in space is diatomic hydrogen, 112. This
is unfortunate, from an astronomer's point of view, because 112 does not possess a
net dipole moment and direct observations of

112

are therefore possible only when

the H2 has been excited to astate where the molecule vibrates as well as rotates.
These vibrational-rotational states are induced by energetic phenomena such as the
passage of ashock though the molecular material; since the material in molecular
clouds is most often found in an unexcited state, at atemperature of
necessary to infer the presence of

112

10 K, it is

indirectly.

After hydrogen and helium, carbon and oxygen are the most common elements
in the ISM and carbon monoxide, CO, is relatively plentiful. CO has anet dipole
moment and emits radiation under conditions where 112 will not; CO thus presents
the most obvious tracer of unshocked molecular material.
The rotational state of a molecule is characterized by the rotational quantum
number J. The decay of amolecule from ahigher to alower rotational state results
in the emission of radiation having energy E

EJ(/Ljgh)

=

-

EJ(10)

=

hi'. The line

most commonly used to trace the presence of molecular material is that of the lowest
excited rotational transition of

1200,

the J = 1 0line at 2.6 mm ( 115 GHz). The
-

molecule is excited to the J = 1state through collisions with neighboring molecules;

4
the kinetic temperature needed to excite CO to its J = 1state is T = Elk

=

hv/k

5.5 K.
While the presence of " CO is assumed to trace the 112 distribution in the Galaxy,
inferring the actual mass of
problems involved.

H2

from CO data is more problematic. There are two

First the mass of 1
200 has to be determined.

Second, the

mass of 112 must be determined using a conversion factor which may vary from
position to position in the Galaxy. These two steps can be combined by estimating
the column density of 112 from the integrated line strength of " CO,

lao.

When

lacking the exact conversion factor an average factor can be used to estimate the
mass of

112

instead (Young and Scoville, 1991). This average conversion factor can

be determined in several ways. For example, the CO luminosity of molecular clouds
in our Galaxy is related to their Virial masses (the mass at which the gravitational
binding energy of the cloud is sufficient to hold the cloud against its own kinetic
energy), providing an estimate of the conversion factor. In addition, nearby molecular
clouds are responsible for visual extinction of light from stars; the magnitude of
this extinction is related to the column density of material along the line of sight
to the star, providing another handle on the conversion factor.

These and other

methods have been used to determine an average conversion factor of N(H2)/Ico

=

(3 ± 2) x 10 20 CM -2 (K km/s)'.
Although they occupy only about 1% of its volume, molecular clouds can be
extremely dense (n

iO

-

10 1CM -3)

compared to the ISM in general, and account

for roughly half of the mass of the ISM. More important for our purposes is the fact
that stars are formed by the collapse of molecular clouds. Massive stars, such as
those which give rise to at least one class of supernovae (discussed in more depth

5
below), live only ashort time and therefore do not travel large distances from their
birthplaces in these clouds (as shown by Huang and Thaddeus, 1986). As aresult,
molecular clouds play a more important role in the evolution of SNRs than their
volume filling fraction might otherwise suggest.

1.1.2

Neutral Atomic Medium

Like the molecular medium, the neutral atomic medium is made up primarily of
hydrogen. Neutral atomic hydrogen, referred to as HI, is observed in both absorption
and emission in the 1420 MHz (21 cm) spin-flip transition line. Radiation is emitted
when the electron changes from an orientation where the proton and electron spin
axes are parallel, to an orientation where the axes are anti-parallel. Once excited it
takes

12 million years for the atom to spontaneously decay to the lower energy

state; it is only the ubiquity of HI that makes it observable in emission. In-depth
discussions of the emission and absorption processes may be found in Spitzer ( 1978)
and Kuikarni and Heiles ( 1988).
The neutral medium is typically separated into a cold and a warm component.
The cold neutral medium (
CNM) has a typical temperature of
concentrated in small high density ( 100 cm -3)features which contain

100 K and is
25% of the

mass of the ISM. The warm neutral medium (WNM), which also contains
of the mass of the ISM but is less dense (
n
volume, has atemperature of

10 1
-

1CM - 3) and occupies

25%

50% of the

104 K (Millar and Williams, 1991).

HI in different parts of the Galaxy moves at different velocities with respect
to an earthbound observer. Emission (or absorption) from different clouds is thus
Doppler shifted by different degrees (Section 1.2). Example emission and absorption

6
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Figure 1.1: Example HI Emission and Absorption Spectra
Sample HI emission (upper) and absorption (lower) spectra are shown. Note how the
features in the absorption spectrum are better defined than the emission features.
spectra are shown in Figure 1.1. Emission spectra are generally made up of narrow
(v

5 kin/s, poorly resolved in the Figure 1.1) and wide (5 < A v < 17 km/s)

components, while absorption spectra contain only the narrow components.

The

opacity of HI varies inversely with temperature, and thus the narrow features (seen in
both absorption and emission) are related to the CNM, while the wide features (seen
in emission only) are associated with the WNM. In general, the velocity dispersion
of the CNM is

7km/s, and for the WNM it is

9kin/s.

The total column density of HI along aline of sight can be determined using NHJ
1.823 x 1018

fTB(v)dv

=

CM -2(
v in km/s, and the measured brightness temperature

7
TB, the temperature of ablack-body radiator which would have abrightness equal to
the measured signal, in K; for an optically thick region the brightness temperature is
equivalent to the kinetic temperature of the gas), assuming that the gas is optically
thin. From this it is possible to estimate the mass of features in the HI.

1.1.3

The Ionized Medium

The existence of an ionized component to the ISM is demonstrated by anumber of
phenomena, the most obvious of which are "1111 regions." HII regions are nebulae,
first discovered in the optical regime, which emit radiation due to the recombination
of ionized hydrogen and other elements.

These regions have been ionized by the

ultra-violet radiation from nearby young stars.

At radio continuum wavelengths

the emission from HII regions is due to the "Bremsstrahlung" (a.k.a. "free-free")
process; radiation is emitted when two unbound charged particles interact and change
direction. The change of direction of motion requires an acceleration which results
in the emission of radiation.
as e
ff oc

7';O.35

( e

The emission coefficient due to this process varies

being the electron number density, T being the electron

temperature) at radio wavelengths.
HII regions are generally fairly compact and have a small ISM filling fraction,
but observations indicate that the ionized medium is considerably more pervasive.
Observations of alarge-scale soft X-ray background, as well as ultraviolet absorption
lines of highly ionized oxygen, point to the existence of a wide-spread, hot, low
density ionized medium, while large scale, diffuse, Ha emission and pulsar dispersion
measures point to a wide-spread, cooler component.

For this reason the ionized

medium, like the neutral medium, is separated into two components.

The warm

8
ionized medium (WIM) has a typical temperature of 10 4K and occupies less than
1% of the ISM by volume. The hot ionized medium (HIM), on the other hand, has
atemperature of

106

K and occupies as much as 50% of the volume of the ISM.

This last estimate is very model dependent, and no one value has been agreed on
by astronomers (e.g. McKee and Ostriker, 1977; Bregman et al., 1993). Emission
from the HIM is very weak in the optical and radio wavelengths, due to its low
density and high temperature, while soft X-ray emission is absorbed by the ISM; the
observational information available about the global properties of the HIM is thus
limited. Additionally, the solar system is itself embedded in alocal region of HIM
(Reynolds and Cox, 1987) which may make it difficult to disentangle emission due
to the local HIM from that due to the Galaxy as awhole.

1.1.4

Dust

Dust refers to small particulate matter in the ISM, thought to be produced in the envelopes of large, cool stars and distributed into the ISM by their stellar winds. Dust is
revealed indirectly through the absorption of radiation, and directly through emission
at far-infrared wavelengths. The composition of dust varies from two-dimensional
crystals such as graphite to three dimensional lattice forms such as silicates, metals
and crystalline ices. Contini ( 1992) reviews the characteristics of dust as revealed
through its absorption of background radiation.
Dust does not constitute aspatially separate component of the ISM, but rather
is mixed in with other components, most notably the molecular and the cold neutral
media (it is particularly important in the molecular medium where dust acts as asite
upon which molecules form). A dust-to-gas mass ratio of 1/133 is typically assumed,

9
although this value varies from site to site.
Dust mass is determined from the measured flux density and derived "color temperature" (the temperature of ablack body radiator which would give the same ratio
of fluxes (S1/S2) at two wavelengths, )

and A2)modified by aAO emissivity law.

The color temperature of dust can be calculated using
TD=

(hc/k)(1/A 2
(3 +

1/A 1)

-

fi) In A1/A 2 +

1.1

111 Sx1/SA2

(Lozinskaya and Repin, 1990); ,0 is typically taken to be — 1.5. The mass of dust
(Md)is subsequently calculated by using
4'1rD 2SA

=

where D is the distance to the emitting region,
coefficient, and

BA(TD)

(1.2)

4MdBA (TD )
Ic.,
S?,

is its flux density,

r.A

is the emission

is the Planck function evaluated at the dust temperature.

Considering the emission at 100 pm, assuming

=

120 cm 2 g', and expressing

the dust mass in terms of the mass of the sun ("solar masses", M ® )this reduces to
Add

r')

3x 10_5d2(pC)Sioo,m(Jy)(Cl44/TE

-

1) M 0

(1.3)

where d is the distance to the dust in parsecs. Infrared flux densities can be very
uncertain, due both to uncertainties in flux calibration and in the removal of sky
background, and the exponential dependence of mass upon dust temperature thus
results in large uncertainties in the derived mass.

1.2

Galactic Rotation

One of the major problems in astronomy is the determination of distances.

This

information is critical to our understanding of the physics of astronomical phenomena
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as it allows the determination of linear sizes and velocities, energies, and ages. One
method that is useful for determining distances to Galactic objects is based on the
fact that the various components of our Galaxy are moving in orbits around the
Galactic centre. The nature of the rotation can be characterized by the so-called
"rotation curve" of the Galaxy, which relates circular velocity to distance from the
Galactic centre. The differences between the line of sight (radial) component of the
velocity of the earth and that of another object results in the radiation from the
other object being Doppler shifted by an amount proportional to the difference in
radial velocities 1.
The situation is illustrated in Figure 1.2.

From

the cosine law the Galactocentric

radius of another object (
R) can be related to the Sun's Galactocentric radius (
R0),
the distance from the Sun to the object (
d) and the object's Galactic longitude (1)
by
R2 =R+d2 -2R0 cos l.
It is possible to use the radial velocity,

Vr,

of an object to determine its kinematic

distance. Denoting the linear rotation velocity of the object as
velocity of the Sun as

e0,

(
1.4)

e, the linear rotation

and assuming circular rotation, Figure 1.2 shows that
vr

e Cos a00 sin 1

(
1.5)

(where a is the angle between the object's direction of motion and the direction from
the Sun to the object). From the sine law
sin l/R
11n

=

sin(90° + a) /R 0 = cos a/R0

(
1.6)

practice the radial velocity is measured, not with respect to the earth, but rather with respect

to the average space motion of a group of local stars, the "local standard of rest (LSR) ." This is
done to correct for bias due to the the peculiar motion of the sun with respect to the Galactic
circular rotation at the suns location
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00

Solar System

Galactic Centre

Figure 1.2: Galactic Rotation
so we can write
Vr =

eR0

m

1
-

esin 1=

(
w

-

w.) R. sin 1

(1.7)

(where w = e/R is the angular rotation rate of the Galaxy at R and w0
is the angular rotation rate of the Galaxy at R0). Combining equations 1.7 and 1.4
yields arelation between

Vr

and d, allowing for the determination of the kinematic

distance to the object. It should be noted here that, in the inner Galaxy, gas at
two different physical distances can have the same radial velocity components;

two

values of d can give the same value of v. The double valued nature of the Galactic
rotation curve makes interpretation of HI emission and absorption difficult for these
regions.
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Determining the kinematic distance to another Galactic object is dependent upon
knowing the form of the Galactic rotation curve, e(R). It is possible to obtain some
information on this by measurements of the "tangent point" velocity of HI. The
maximum radial velocity of HI in aspectrum will occur when the circular motion
of the gas is entirely along our line of sight. The Galactocentric radius of such gas
will thus be R = R0sin Iand 8(
R)

=

v(max) , the maximum velocity along the line

of sight. The use of tangent point velocities is applicable only for the inner Galaxy,
however, and other methods are required to determine the rotation curve for the
outer Galaxy. For example, distances to HIT regions and their exciting stars can be
obtained using optical data and compared to the radial velocities of the CO and/or
Ha emission associated with the HIT region.
The exact form of the Galactic rotation curve is dependent upon the choice of
R. and

e0.

The current IAU standard values of R0 = 8.5 kpc and

e0

=

220 kni/s

yield a curve for which linear velocity changes by less than 2% from R. to 2R 0
(i.e. the linear rotation velocity is constant out to 17 kpc; Fich et al., 1989); in the
inner Galaxy the rotation curve differs from linear by

10%. Fich et al. ( 1989)

used a number of additional functional relationships to fit the observed data, but
recommend that the fiat rotation model be used for determining kinematic distances.
This recommendation will be followed in this thesis.

1.3

Supernovae

The Crab Nebula, mentioned at the beginning of this chapter, belongs to a class
of objects called supernova remnants, which are the remains of stars which end
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their lives in the spectacular explosions known as supernovae (SNe).

IV1inkowski

(1941) separated observed SNe into "Type I" and "Type II" based upon the absence
or presence of hydrogen in the observed spectrum. These classes have since been
further subdivided into
• Type Ta: No hydrogen in the spectrum, strong Si lines present. Light curve
exhibits asharp rise to peak brightness with alinear decay for

30 days after

maximum light and decaying exponentially afterwards.
• Type Tb: No hydrogen, strong He lines in spectrum. Light curve is similar to
Type Ta but with aslower exponential decay.
• Type II-P: Presence of hydrogen in spectrum. Light curve rises rapidly to a
peak then decays for

30 days. Light curve levels off until

80 days after

the explosion, then exponentially decays.
• Type TT-L: Hydrogen lines present in spectrum. After initial peak the light
curve decays linearly for

100 days before beginning an exponential decay.

Further subdivisions and indeed other classification schemes have been proposed (e.g.
Zwicky, 1964; Dallaporta, 1973; Harkness and Wheeler, 1990; Da Silva, 1993), but
the above classification scheme is most often employed.
Clues to the nature of the progenitor stars can be found from the observed locations of SNe. For example, Type la SNe are found in all types of galaxies, in both
the interarm and halo regions. All other types of SNe are found predominantly in
"late-type" galaxies (i.e. galaxies with large fractions of young stars) and occur preferentially near HIT regions. These observations point to Type la progenitors being
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old low-mass stars while the progenitors of the other SNe are young massive stars
which have not moved far from their birth-places.
The physical processes which lead to the diverse spectral and temporal signatures of SNe are, however, somewhat harder to nail down. It is widely accepted that
SN Ta are the result of the explosion of a white-dwarf (WD) onto which material
has been accreted. The explosion is brought about when the mass of the WD (composed primarily of carbon and oxygen; Branch et al., 1995) approaches the so-called
"Chandrasekhar limit," the maximum possible mass for awhite dwarf. At the Chandrasekhar limit the WD has the highest density possible for a star composed of a
degenerate electron gas, and above this limit the star collapses under its own weight.
However, before the star reaches the Chandrasekhar limit the increased density and
temperature at the centre of the WD ignites fusion of carbon into heavier elements.
A subsonic nuclear burning front moves outward from the centre of the WD, fusing
lighter elements into heavier and releasing sufficient energy to counteract the gravitational binding energy of the star. This causes the total disruption of the star, and
is generally thought to release

1051

ergs of kinetic energy in the process.

There are, of course, a number of different scenarios which could bring about
the same general result. The WD which explodes could be composed primarily of
oxygen, neon and magnesium instead of carbon and oxygen. The accreted mass may
come from a main sequence star or an evolved supergiant, or may result from the
coalescence of two WDs. Even the explosion mechanism may be slightly different,
with the initial ignition taking place not at the core of the WD, but off-centre in a
layer of material which has only been partially processed during the star's previous
evolution. However, the general scenario outlined above is believed to describe most
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SN Ta (Branch et al., 1995).
The remaining types of SNe are thought to result from aslightly different process.
Massive stars (> 8 M ® )will form an inert core of material with a mass which
exceeds the Chandrasekhar limit.

When the fusion reactions at the core of the

star stop producing energy the core collapses. As the mass of the core exceeds the
Chandrasekhar limit the collapse is not halted by the pressure of degenerate electrons.
Instead, electron capture reactions convert electrons and protons into neutrons and
allow the collapse to continue. The end result of this collapse is thought to be a
neutron star having amass of

1.4 M ® and diameter 10 km, but the formation of

ablack hole is also possible.
Neutrinos are released in the electron capture reaction and carry away much of
the binding energy of the core. A total of
Approximately 1% of this

energy is

1053

ergs is released in this manner.

thought to be converted into kinetic energy

which acts to eject the envelope of the star (i.e. everything other than the innermost
1.4 M 0 ,usually afew M 0 )at several thousand km/s.
The above scenario describes basic core-collapse SNe. The different observational
characteristics of Type II-L, TI-F, and Tb SNe are thought to result from different
evolutionary paths taken by the progenitor star. Type Tb SNe, for example, do not
show any hydrogen in their spectra; this is believed to result from the progenitor star
losing its H-rich envelope through both stellar winds and accretion onto acompanion
star. Other scenarios may be possible (e.g. Nomoto et al., 1995), but the field is
evolving rapidly (e.g. compare Nomoto et al., 1995 with Branch et al., 1991) and
the final word has yet to be said.
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The exact mechanics and observational characteristics of SNe are not central
to this work, but two differences between the two general classes of SNe are. The
progenitors of Type Ia SNe, being low mass stars with low mass companions
neither of which have strong stellar winds

-

-

will generally not have a large effect

on the surrounding ISM prior to the SN. The "other" types of SNe, having massive
progenitors such as 0, B and WR stars, exist in regions of the ISM which may have
been shaped by the progenitor's stellar wind, astrong outflow of charged particles
from the star. At some some distance from the star the wind undergoes a shock,
thermalizing the wind and producing a hot (Tr.
0.01 cm

3)cavity

106

K) and a low density (
n

in the surrounding ISM (Weaver et al., 1977). Since many 0 and

B stars exist in clusters, the stellar winds from these clusters can combine to create
large (several 100 parsecs in diameter) bubbles and voids in the surrounding ISM
(Lozinskaya, 1992).
The second difference between the two types of SNe is in what they leave behind.
Type Ia explosions disrupt the entire star, Core-collapse SNe, on the other hand, may
leave behind a collapsed stellar remnant after the explosion. As will become clear
later, this thesis is concerned directly with SNRs which are powered by collapsed
stellar remnants and have had massive progenitors. As such, the term supernova
will generally refer to those explosions resulting from the core collapse of amassive
star.
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1.4

Pulsars

Pulsars are the observable manifestation of the neutron stars created in a SN explosion. The name pulsar is an abbreviation of "pulsating radio source," so named
because the radiation detected from these sources consists of extremely regular pulses
having periods ranging from afew milliseconds to afew seconds (Taylor et al., 1993).
When the core of the progenitor collapses to form the neutron star much of
the angular momentum and magnetic field associated with the core is conserved.
The collapse thus results in alarge increase in the angular rotation velocity of the
neutron star, while the magnetic field strength increases dramatically

(1012

G is

typical). The magnetic field is anchored in the neutron star and co-rotates with it.
At some distance from the star (called the "light cylinder") the linear velocity of the
field is equivalent to the speed-of-light (
wd

=

c, where w is the angular rotation rate,

dis the distance from the neutron star, and cthe speed of light) and the field lines
are no longer able to co-rotate with the neutron star. At this point the field lines
are thought to reconnect not to the neutron star (so-called "closed" field lines) but
rather with the ambient magnetic field ("open" field lines). Particles which move
along the open lines are thus able to escape from the magnetosphere into the region
surrounding the pulsar. This relativistic wind is important in the evolution of SNRs
containing pulsars and will be discussed in more detail below.
The rapid rotation of the pulsar results in apotential difference of>

1012

V being

established along the open field lines. Charged particles freed from the surface of the
neutron star or created via pair production low in the magnetosphere are accelerated
to relatistic energies by this potential difference. These particles stream along the
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curved magnetic field lines and the resulting centripetal acceleration results in the
emission of radiation ( Smith, 1991). As the particles are moving at relativistic velocities the resulting "curvature" radiation is beamed preferentially along the direction
of motion of the charge. Since the open field lines along which these particles move
are located near the poles of the neutron star, emission from a pulsar is seen only
when the magnetic pole of the pulsar sweeps past the observers line of sight; the
"lighthouse" geometry involved is illustrated in Figure 1.3. Not all pulsars will be
oriented towards the earth, and as such only a fraction of existing pulsars will be
detectable; the questions of what fraction of pulsars are actually beamed towards
the earth, and what the width of the emitting beams are, are of considerable interest
to those who deal with pulsars.
Of course, the reality of the pulsar emission phenomenon may be considerably
more complicated than the simple outline above (e.g., Rankin, 1991; Yihan et al.,
1994; Verga and Rontan, 1984), with different emission mechanisms effecting different wavelength ranges emanating from differing regions of the magnetosphere,
but these complications are not important for the purposes of this thesis and will
not be discussed further here.

A more in-depth view of pulsars can be found in

Backer ( 1988).

1.5

Supernova Remnants

Supernovae leave behind two types of remains: a compact stellar remnant such as
a pulsar, and the gaseous remnant of the envelope of the progenitor.

This latter

component, and the emission resulting from its interaction with the ISM, together
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Figure 1.3: Pulsar Geometry
The rotation axis is offset from the magnetic axis. Curvature radiation, beamed along the
open field lines along the poles, is observed when the poles sweep across the observers line
of sight.
are usually referred to as the supernova remnant.
As with most phenomena, researchers have attempted to classify SNRs based
upon their observational characteristics. Several classification schemes are possible
and useful, depending on the wavelength regime, but for the purpose of this work
we will use the classification scheme based on the radio morphology of the SNRs. In
this scheme, SNRs are separated into the following three classes:
. Shell ( S): SNRs of this type make up the lion's share of identified objects,
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with

90% of the 194 known Galactic objects being of this type ( Green, 1995).

Shell-type SNRs are observed as rings of synchrotron emission, assumed to be
the limb-brightened projections of a (more-or-less) spherically symmetric shells
of emitting material. Shell SNRs have radio spectral indices, a (
S

cc va,

where

S is the flux density of the object at frequency v), of — 0.8 < a < —0.3, with
ainn value near — 0.5 ( Green, 1995). The non-thermal (synchrotron) radio
emission is assumed to be powered by ablast wave created by the fast moving
(iO km/s) ejecta expanding into the surrounding ISM. A small number of Shell
SNRs have had associated pulsars discovered; the effects of pulsar beaming
and the large space motion of pulsars may be responsible for the lack of more
pulsar/SNR associations.
• Filled- Center (FC): Also known as "Crab-like" and "plerionic." FC SNRs
make up

5% of identified SNRs. FC SNRs are identified morphologically by

their centrally brightened radio emission; no limb brightening is detected at the
edge of the nebula. FC SNRs have generally flatter spectra (- 0.4 < a < 0)
than Shell SNRs, although there are indications that steeper-spectrum FC
SNRs exist (Landecker et al., 1996). A few FC SNRs, most notably the Crab
(Staelin and Reifenstein, 1968), have pulsars detected interior to their radio
nebulae, suggesting that the radio emission of the nebula is powered by the
pulsar. Energy considerations support this view (Pacini, 1968), implying that
all FC SNRs are powered by internal pulsars.
• Composite ( C): Composite SNRs have characteristics of both Shell and FC
SNRs; they are typically composed of a flat spectrum core surrounded by a
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steeper spectrum shell. Composite SNRs make up about 5% of known SNRs.
While the physical model of these objects is easy to deduce from the above
descriptions, the manner in which they come to exist is not clear. Whether
they are an evolutionary link between FC and Shell SNRs, or whether they are
aphysically separate class of objects in their own right is open to debate.
The following sections shall describe both Shell and FC SNRs in more detail.

A

similar description of composite SNRs shall not be attempted here as, although the
physics of these objects is not well understood, it most likely contain elements of the
physics of both Shell and FC SNRs.

1.5.1

Shell SNRs

Observational Overview
Shell SNRs, like all SNRs, are generally easily seen in the radio wavelength regime.
The shells of these objects are rarely (if ever) perfectly spherical and may appear
elongated (e.g. HB3; Landecker et al., 1987), as the apparent superposition of two
shells of unequal sizes (e.g. The Cygnus Loop; Green, 1990), spherical on one side
but with a straight edge on another (e.g.

CTB1O9; Hughes et al., 1984)

-

the

list of deviations from spherical symmetry is almost as long as the list of SNRs
themselves. The cause of these deviations may be intrinsic (reflecting an asymmetry
in the progenitor SNe) or extrinsic (reflecting an asymmetry in the surrounding ISM).
An example of an intrinsic cause of asymmetry would be the ejection of material
preferentially in the plane of the progenitor's rotation during the SN; an extrinsic
source of asymmetry would be adensity discontinuity, such as amolecular cloud, in
the ISM.
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The synchrotron radiation emitted from aregion over which the magentic field is
constant is intrinsically polarized, and Shell SNRs are typically linearly polarized at a
level of 5to 15%. Younger remnants have magnetic fields which are primarily oriented
radially, perhaps due to the stretching of the magnetic field in the ejecta, while
older remnants tend to have more circumferential fields, (Milne, 1987), probably
due to compression of the ambient ISM magnetic field. On small angular scales the
polarization structure is concentrated in internally ordered cells, with the direction
of polarization of neighboring cells being oriented differently (Dickel et al., 1991),
indicative of turbulent motion on these size scales.
Although seen predominantly in the radio, SNRs emit radiation at all wavelengths. In the optical regime, nearby SNRs are typically seen as faint filaments and
knots of collisionally ionized material (e.g. Weiler and Srarnek, 1988). In the far
infra-red the emission is due to shock-heated dust, and roughly 30% of known SNRs
have been detected in the infra-red (Arendt, 1989; Saken et al., 1992). Likewise,
about 30% of known SNRs have been detected in X-rays (Seward, 1990), which are
emitted from the hot (
T

106

K) gas in the interior of the SNR. The ROSAT X-ray

satellite has completed awhole sky survey, and has no doubt detected alarge number
of previously undiscovered SNRs which will increase this fraction substantially.
Theoretical Overview
A supernova explosion is thought to result in the instantaneous deposition of
i0 5'ergs of kinetic energy into the ISM. This energy is initially contained in material
moving radially away from the explosion centre at velocities on the order of iU km/s.
This fast moving material acts as a piston moving supersonically into an ambient
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medium, driving ablast wave in front of it. It is the interaction between this blast
wave and the ambient ISM which gives rise the emission seen from SNRs (e.g. Gull,
1973; Ratkiewicz et al., 1994).
The evolution of ashell SNR is generally divided into four stages (Woltjer, 1972).
• Free Expansion: The mass of material swept-up by the ejecta is negligible
and has little effect on the expansion of the nebula. The radius of the blast
wave at any time tis v0t, where v0 is the initial ejection velocity.
• Adiabatic Phase: Also known as the Sedov-Taylor phase. In this phase the
mass of the swept-up ISM dominates that ejected in the SN explosion. Energy
loss is negligible and kinetic energy is conserved. For agas with specific heat
5/3, the shock radius is

=

l.17(E0/p)'/ 5t
215 cm

( 1.8)

(Reynolds, 1988), for a uniform density ISM of density p and all explosion
kinetic energy E0,with tin seconds.
• Radiative Phase: Also known as the "snowplow" phase. The remnant age is
comparable to the cooling timescale and therefore energy is no longer conserved.
The SNR decelerates as the shell cools, momentum is conserved, and the radius
expands as t" 4.The stage begins when roughly half of the thermal energy of
the SNR has been lost, at

tr ad =

3.5

X

10 4(E0/10 51 )
4117 n 9/' 7 years

(\Voltjer, 1972), where m is the number density of the ISM.

(1.9)
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• Dissipation: Once the shock speed has dropped below the local sound speed
the shock disappears and the SNR shell is disrupted by turbulent motions in
the ISM. It is thought that this stage is reached after

iO

-

10 6 years for

typical ISM densities.
The scenario outlined above deals with the simple case of a SNR evolving in a
constant density ISM. In the case of an ISM which has been shaped by the action
of the precursor stellar wind (e.g. Ciotti and D'Ercole, 1989) the blast wave moves
freely into a region of extremely low density and the SNR is invisible.

When it

encounters the shell of dense material which defines the stellar wind bubble the blast
wave will decelerate quickly and may then become visible.

Franco et al. ( 1991)

review some of the work on this scenario and conclude that winds which create ISM
shells with a mass greater than

50 M ® will result in the subsequent SNR going

directly from the free-expansion phase to aradiative phase at the point of collision
with the shell, skipping the adiabatic phase entirely.
Density inhomogenities such as nearby molecular clouds (Bisnovatyi-Kogan et al.,
1989; Arthur and Falle, 1991, 1993) can result in the blast wave traveling more freely
in one direction resulting in non-circular morphologies. In addition, the motion of
the precursor star may also contribute to the distinctly non-circular morphologies
(e.g. Róyczlca et al. 1993; Brighenti and D'Ercole, 1994), and may be responsible
for jet-like features interior to the SNR.
Finally, the interaction between several adjacent stellar winds and supernovae
can create large asymmetric structures in the ISM. A supernova explosion occurring
in one of these structures can act to "illuminate" it, and the resulting SNR will
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Table 1.1: FC SNR observational characteristics
Size(') S1o11 (
Jy)
a
D (kpc)
Other Names

Name
G6.1+1.2
G20.0-0.2
G21.5 0.9
G27.8+0.6
G54.1+0.3
G74.9+1.2
G130.7+3.1
G184.6 5.8
G29L0-0.1
G328.4+0.2

30x26

4.0?

0.3?

10

10

0.0

1.2

6
30
0.5

50x30

1.5
8x6

9

9x5
7x5
10
6

33
1040
16

16

0.0

5.5

varies
0.1
varies
0.1
0.3
0.29
0.2

12
3.2
2

CTB87
3C58, SN1181
Crab Nebula, 3C144, SN1054
MS}1 11-62
MSH 15-57

reflect the asymmetries in the structure. In addition, ablastwave which encounters
aregion of lower density than it was born in can "break-out" into the lower density
region, with the resulting morphology reflecting two overlapping shells of unequal
sizes. More complex morphologies reflect an even more complex ISM.

1.5.2

FC SNRs

Observational Overview
In the most recent revision of his SNR catalogue Green ( 1995) lists atotal of 10
FC SNRs; the radio characteristics of these remnants are summarized in Table 1.1.
Other possible FC SNRs in the literature include G292.0+1.8 2 (Braun et al., 1986)
G65.7+1.2 (Landecker and Caswell, 1983), G76.9+1.0 (Landecker et al., 1993), and
G63.7+1.1 (Taylor et al., 1992).
The most studied FC SNR (and, indeed, the most studied SNR of any sort)
is the Crab Nebula.

The Crab is one of only a handful of SNRs for which exact

20bjects in our Galaxy often have two names, a systematic name based upon their observed
position in the Galaxy, and acommon name. The systematic name is of the form GI±b where Iis
the Galactic longitude of the object and bis the Galactic latitude (both in degrees).
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ages can be derived from historical records. It is also one of the few SNRs which
are unambiguously shown to contain acentral pulsar. Unfortunately, it is also quite
unusual even for aFO SNR. For example, it is extremely bright compared to all other
FC SNRs but both it and 3C58 ( G130.7+3.1) are roughly the same age (the Crab is
associated with SN1054, while 3C58 is thought to be associated with SN1181). For
this reason there is some risk involved in treating the Crab as the prototypical FC
SNR, and the reader should keep this in mind as much "knowledge" of FC SNRs
comes from studies of the Crab.
The Crab Nebula is made up of three components. The first is the central pulsar,
which we will not discuss here.

The second component is an expanding shell of

helium-rich filaments, while the third component is a bubble of relativistic plasma
powered by the pulsar.

The bulk of the mass of the nebula ( 1-2 M (D ) is in the

filaments, which are moving radially from the centre of the SNR at velocities between
1100 and 1700 km/s.

These velocities, coupled with proper motion information,

indicates that the Crab is at a distance of

2 kpc. Assuming that the filaments

have been moving with aconstant velocity since the SN explosion, this implies that
the explosion took place in the year 1140; as the historical record places the SN in
the year 1054, the filaments must have been accelerated since the explosion (Trimble,
1968).
It is usually assumed that the filaments have been accelerated by the synchrotron
bubble powered by the pulsar wind.

The synchrotron bubble can be seen in the

optical by observing regions of the spectrum free of line emission (Fesen, Martin and
Shull, 1992), and lies interior to the filaments. Perversely, in the radio wavelengths
the synchrotron nebula extends slightly beyond the optical filaments (Wilson et al.,
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1985), suggesting that the synchrotron nebula may have "burst-through" the optical
filaments (Bietenholz et al., 1991).
The most puzzling aspect of the Crab Nebula is its lack of alimb-brightened shell.
Coupled with the fact that the observed kinetic energy in the Crab Nebula is only
3x 1049 ergs, considerably less than the

1051

ergs expected for anormal SNR, this

has led to speculation that the "missing" kinetic energy from the SN explosion has
been carried away by a presently invisible "halo" of material beyond the observed
boundaries of the Crab Nebula. Numerous attempts (Frail et al., 1995; Velusamy and
Roshi, 1991; Velusamy, 1984, others) have been made to detect this halo but have
proved fruitless. Halos have also been looked for around other FC SNRs (Velusamy,
1985; Reynolds and Aller, 1985) with no success. The non-detection of halos of fast
moving ejecta around FC SNRs is aconcern, suggesting that FC SNRs are perhaps
intrinsically different from Shell SNRs. This topic will be discussed in more depth
below.
FC SNRs are probably under-represented in present catalogs. As noted above,
the morphology of FC SNRs runs to amorphous, centrally brightened objects with
fiat radio spectra. In this way they are observationally similar to optically-thin HIT
regions and it is likely that anumber of FC SNRs have been misclassified as such.
In addition, FC SNRs are typically smaller than shell SNRs, making them harder to
identify. It clear that the observed fraction of FC SNRs is only alower limit to the
actual fraction. Combined with most of our knowledge being based upon ayoung,
possibly aberrant, object, it is obvious that our understanding of FC SNRs is less
than ideal.
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Theoretical Overview
A number of theoretical models have been constructed to describe the physics of
pulsar powered SNRs ( Ostriker and Gunn, 1971; Pacini and Salvati, 1973; Kundt
and Krotscheck, 1980; Kennel and Coroniti, 1984; Reynolds and Chevalier, 1984).
An in-depth theoretical discussion is beyond the scope of this work, but the standard
model (Reynolds and Chevalier, 1984; hereafter R&C) is summarized below.
Emission from FC SNRs (and the central portion of composite SNRs) is assumed
to be powered by energy loss from an interior pulsar.

The pulsar injects energy,

in the form of relativistic particles and fields, into the SNR interior with a time
dependence of
L(t)

=(

Lo
1+ t/r)P

where r is the characteristic slow-down time of the pulsar (typically between 300
and 800 years) and L0 is the initial luminosity of the pulsar.
related to the standard pulsar braking index n (= 2

-

p =(
n + 1)/(n

-

The value of p is

2.8; Lyne, 1995), P oc PI, by

1). The energies in the fields and the particles may or may not

evolve independently.
The pulsar acts to create an expanding bubble of relativistic particles.

The

relativistic outflow from the pulsar undergoes a shock well inside the bubble, and
the pressure within the bubble is essentially constant. The bubble expands freely
until it comes in contact with material ejected in the SN explosion; this material
acts as acage, slowing the expansion of the bubble. R&C define four stages for the
evolution of the bubble.
9 Phase I: The bubble expands into the ejecta, sweeping it up as it expands.
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• Phase II: If the ejecta are in the form of a slow (
v c 300 km/s), low mass
(1-2 M ® )core surrounded by afast moving halo which carries the bulk of the
kinetic energy

(1051

ergs), the bubble sweeps up the slow moving core material,

and aconstant mass shell accelerates into the region behind the outer halo.
• Phase III: The age of the pulsar is equivalent to its characteristic age, F. At
this point the energy input from the pulsar is only asmall fraction of its initial
value (Eq. 1.10), slowing the expansion of the bubble.
• Phase IV: The interaction of the outer halo with the ISM decelerates the
ejecta, driving ashock backward through the ejecta. The passage of this "reverse shock" brings the bubble into pressure equilibrium with the rest of the
SNR, causing the bubble to decelerate further.
Energy conservation in the bubble requires that

dt

(4irPR)

(
L

=

-

A)R

where P is the pressure within the bubble, R is the bubble radius, and A is the
radiative loss rate.

Momentum conservation is separated into two time regimes.

Before the passage of the reverse shock (initiating Phase IV)
M SR = 4irR2[P

-

p(1

-

v) 2]

(
1.12)

where M 3 is the mass of the swept-up shell and pi and vare the density and velocity
of the material into which the shell is expanding. After the passage of the reverse
shock from the (assumed) outer halo of fast moving ejecta
M 3R = 4irR2[P

-

P3]

(
1.13)
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Table 1.2: Analytical Solutions for FC SNR Kinematics
Phase
I
II
III
IV

R(t)
1.048(VL 0/M) '
15 t
61 °
0.730(L0/M) ' 12 t
3/
2
0.7(Lo/Mc)" 2T" 2t
0.7(L0/M)'/ 2r'/ 2t 7t
°3

where P is the pressure of the interior of aSedov-Taylor blast wave (the outer halo).
Finally, conservation of mass demands that
1V13 = 4irR2p[R

-

v].

(
1.14)

Other substituent relationships are given in R&C.
Assuming that the energies in particles and fields evolve separately, approximate
analytical solutions for the kinematic evolution of the bubble in each phase can be
found. These relations, as given by R&C, are listed in Table 1.2; V, is the velocity
of the outer most ejecta, M

is the mass of slow-moving ejecta, and t
r is the time

at which the reverse shock reaches the pulsar-powered bubble. Note that in Phase I
and lithe bubble radius accelerates.
The standard model summarized above outlines the evolution of the pulsar powered bubble, but does not address the effects of various type of external material with
which it may be interacting. Chevalier ( 1984) discusses the differences in bubble expansion that would be expected from an interaction between the pulsar powered
bubble and three types of material: a uniform density medium, ISM shaped by a
stellar wind, and fast-moving SN ejecta. The nebular expansion in the three type of
media varies initially as R

t
°6 ,
R

t, and R

'

t'

2

respectively. Other differences

expected as a result of the different types of external media include the thickness
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of the shocked layers and the characteristics of the X-ray emission. Chevalier notes,
however, that once the explosion energy has been transferred to the swept-up ISM
the nebular expansion is described by the relations derived for Shell SNRs. No conclusions as to which model may be correct were offered, and the question of whether
FC SNRs are surrounded by fast moving halos of ejecta remains open.

1.5.3

Do FC SNRs Have Halos?

FC SNRs are classified as such because they do not exhibit the limb brightening observed in Shell SNRs. Frail et al. ( 1995) have placed the most stringent observational
limits on the possible existence of aradio continuum halo around the Crab Nebula.
These limits indicate that emission from a halo must be substantially fainter than
that presently observed from any shell SNR. From this it follows that the halo, if it
exists, is exceptionally inefficient at accelerating particles to relativistic energies.
A number of researchers have attempted to explain the apparent lack of limbbrightened shells around FC SNRs. The suggested explanations can be broadly categorized as "nature" (an intrinsic difference between FC and composite/shell SNRs
and their progenitors), and "nurture" (an environmental cause).
The "nurture" explanation was put forward by Chevalier ( 1977). In this scenario
the Crab Nebula's progenitor SN was a typical non-Type Ta explosion; the outer
envelope of the progenitor star is ejected at several thousand km/s, while a less
massive and slower moving inner shell of ejecta (Mr' 1

-

2M ® ,vr'

300 km/s) is

accelerated by the expanding synchrotron nebula powered by the relativistic wind
from the central pulsar. As discussed in Section 1.5.2 this interaction results in the
observed "FC" component.
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As the SN progenitor is assumed to be typical of non-Type Ta, it is likely that
the ISM around the progenitor has been shaped by the strong stellar wind of the
massive progenitor stars. The SN explosion is therefore expected to occur within
alow density

(nrsJ

O.01crn

3;Weaver

et al., 1977) environment, and the outer halo

of fast moving ejecta expands into this low density region. As it is the interaction
between the ejecta and the ISM which powers the radio emission in shell-type SNRs
(e.g. Gull, 1973; Ratkiewicz et al., 1994), alow density ISM would result in little,
if any, radio emission.

Thus, the outer halo of ejecta may exist but may not be

presently detectable. Presumably radio emission would become detectable when the
halo of ejecta reaches the higher-density shell defining the boundary of the stellar
wind bubble, but if the low-density region is sufficiently large (the result, say, of
cumulative stellar winds in the vicinity) the halo may be sufficiently dilute by the
time that it reaches the wall that no detectable radio emission will be emitted.
The "nature" explanation takes the form of aproposed unusual progenitor for the
Crab Nebula (and presumably other PC SNRs). Nomoto ( 1987) proposes that the
explosion of awhite dwarf with an extended helium envelope may account for the low
mass of the Crab Nebula while at the same time explaining the He-rich composition
of the Crab. In this scenario the stellar progenitor is potentially massive enough for
its wind to shape the surrounding ISM in amanner similar to that outlined above.
However, in this model there is no fast-moving halo and the ISM distribution is
irrelevant to the absence of ashell.
Pols ( 1995) suggests instead that the Crab Nebula is the result of the explosion of
ahelium star which was ejected from aclose binary system. This scenario explains
the large distance of the Crab from the Galactic plane, the He-rich composition of
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the Crab, and the absence of ashell of any type.
The various evolutionary scenarios are summarized in Fig. 1.4
The nature and nurture theories present an obvious dichotomy. The nurture theory demands that all FC SNRs lie within low density regions of the ISM; the nature
theories, on the other hand, do not. Therefore, the most obvious way to differentiate
between these two classes of theories would be to directly observe the ISM around FC
SNRs to look for evidence of low-density voids. Continuum observations integrate all
emission along agiven line of sight and so cannot be used to address this question;
information in the third dimension (distance) is required. Such information can be
achieved through observations in spectral lines such as CO and HI. CO, however,
does not suffice due to the small filling fraction of molecular material in the ISM.
HI, on the other hand, pervades the ISM and provides an ideal medium to probe for
evidence of low density voids.
The first attempt at looking at the HI environment of aFC SNR was conducted
by Romani et al., ( 1990; RRIKH) who discuss archival HI and IR data of the area
around the Crab Nebula. They argue that the Crab Nebula lies in avoid

90 Pc

in diameter. The data used by RRKH has low resolution however (insensitive to
structures less than

50 pc in diameter at the assumed distance of the Crab) and

does not fully sample the ISM distribution. Obvious extensions of this work include
higher resolution and quality observations of the region around the Crab Nebula,
and similar observations of the ISM around other FC SNRs.
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Figure 1.4: Graphic Summary of FC SNR Theories.
(A) The expected ISM distribution around the progenitor as aresult of the expected strong

stellar wind. The situation after an explosion of a "standard" SN is shown in (
B). This
essentially summarizes the "nurture" theory put forward by Chevalier (1977). If Nomoto's
theory ( 1987) is correct, the situation is as shown in ( C), while Pols ( 1995) suggestion is
illustrated in (
D). The last two panels summarize the "nature" explanations.
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1.6

An Overview of the Present Work

This thesis will present the results of an investigation into the interstellar medium
around anumber of FC SNRs. The purpose of this investigation is to observationally
test Chevalier's ( 1977) explanation for the lack of adetectable limb-brightened shell
associated with FC SNRs. By directly imaging the ISM around several FC SNRs it
will be possible to determine whether these objects fall within low density regions of
the ISM.
Chapter 2will present the results of alow-resolution, wide-field investigation into
the HI environment of four FC SNRs: the Crab Nebula, 3C58, G74.9+1.2 and G21.50.9. Chapters 3and 5delve more deeply into the HI environments of G74.9-i-1.2 and
the Crab Nebula, using higher resolution data than those presented in Chapter 2.
Chapter 4 presents the results of a multi-wavelength investigation into the nature
and environment of acandidate FC SNR ( G63.7+1.1) and confirms its classification
as aFC SNR. Chapter 6summarizes these results and present adiscussion of some
of the consequences. Chapter 7will suggest possible future research directions which
will amplify upon the work presented in this thesis.

Chapter 2
Low Resolution HI Observations Around Four
FC SNRs

It has been hypothesized that FC SNRs lack an associated limb- brightened shell because they exist in low density regions of the ISM. In this chapter we present the
results from low resolution HI line observations around four FC SNRs to test this hypothesis. We find evidence for large scale HI voids around the positions and systemic
velocities of three of the SNRs, while data for the fourth are inconclusive. The data
presented in this chapter have been previously published in Wallace et al. (1994).

2.1

Introduction

One of the difficulties in associating HI structures with agiven object is the sheer
ubiquity of the HI in our galaxy. The various forces shaping the HI (e.g. stellar
winds, SNe) act to churn the ISM into afascinating combination of intersecting arcs
and filaments. The effect of this is to create features which mimic what might be
expected and to distort true features so that they are unrecognizable.
What HI features might be associated with SNRs? The most obvious indication
of an association is an HI feature with amorphology which mirrors that of the SNR.
For example, the blast wave associated with aSNR sweeps through and ionizes HI
in front of it, so the remaining HI would have ashape similar to the SNRs, with the
inner boundary of the shell coincident with the outer boundary of the SNR. Another
36
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indication of an interaction is the presence of HI which has been accelerated to high
velocities (i.e. greater than

r

100 km/s), presumably by the action of the expanding

blast wave (e.g. Koo and Heiles, 1991).
Of course reality is more complicated. Often only partial arcs of HI are associated
with the SNR, and there is always the chance that an unrelated filament of HI might
appear to have the desired morphology. High velocity HI might also be accelerated
by other energetic phenomena along the line of sight to the SNR (e.g. stellar winds
associated with massive stars), further confusing the issue.
Things are even less clear-cut if we are looking, not for indication of interaction,
but for evidence that the object lies in avoid in the ISM. In such acase there are
fewer clues to indicate that an association exists.
One method to reduce the uncertainty in associating HI structures to a given
object uses the HI absorption spectrum of the SNR. HI in front of the SNR will
absorb radiation from the SNR ( assuming the SNR is sufficiently bright), while
HI behind the SNR will not; thus the velocity at which HI absorption ceases will
indicate the rough position of the SNR in the HI distribution and limits the range
of velocities to look for structures relating to agiven object, greatly diminishing the
problems outlined above. In this chapter we use this ability in order to investigate
the HI environment of four FC SNRs: The Crab Nebula, 3C58, G74.9+1.2 and
021.5-0.9. All of these objects have two things in common. The first is that they
are all bright enough to have reasonably well determined systemic velocities derived
from HI absorption spectra, and the second is that they can all be observed from the
DRAO. For these reasons the HI environment of each of these objects was probed
using the DRAO 26m radio telescope.
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2.2

Observations

The observations were made during the period October-November 1992 using the
DRAO 26m radio telescope. Each field required four nights of observations; on each
night one quadrant of a8° x8° field was observed. The time spent acquiring spectra
from each point was chosen so that mapping the entire quadrant required the time
available each night. Since each region of the sky was visible from DRAO for different
lengths of time the resulting sensitivity of the observations varies from object to
object. The total observed bandwidth, which determines the velocity coverage and
resolution of the data, was chosen so that all HI emission detected by Weaver and
Williams ( 1973) would be covered in these data. The details of the observations, as
well as the specifications of the telescope, are presented in Table 2.1. The DRAO
26m telescope has an angular resolution of 36'. A spectrum was obtained every 16'
in both right ascension and declination.
The detected signal at each point is acombination of both continuum and line
emission. To remove contributions from the continuum emission the observations
were made in frequency switched mode. In this mode areference spectrum is obtained
1MHz lower than the line frequency (2MHz for G21.5-O.9) and subtracted from the
line data.

This reference spectrum is assumed to consist of continuum emission

only, the character of which is assumed to be constant across the frequency range.
By subtracting the reference spectrum from the spectrum containing both line and
continuum emission aspectrum of line emission only is obtained. After calibration
the spectra were combined and the final data cube created. Each observation resulted
in 128 HI line maps, centred near the central velocity of the galactic HI emission in
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Table 2.1: Observational Parameters for DRAO 26m Observations
Telescope
Diameter
Tsys
Calibration
source
Assumed peak

(a

=

25.6 m
60K
S7
02 1102m38s 5= +60'19')

100 K (Williams, 1973)

Field Centres
Crab Nebula
3058
G74.9+1.2
G21.5-0.9

(B 1950 coordinates)
a= O5 132m 6 = 21°59'
a = O2'O155 S= 64°35'
a = 20 114m108 S= 37°03'
a = 18h30m47s 5= —10°37'

Crab Nebula
3058
G74.9+1.2
G21.5-0.9

Integration Time/ Rms Map Noise
RMS Map Noise
48s /0.3 K
80s /0.4 K
48s /0.4 K
24s /2.5 K

Total Bandwidth
Velocity Resolution
1MHz /2.64 km/s
1MHz /2.64 km/s
1MHz /2.64 km/s
2MHz /5.28 km/s

each direction determined from the survey of Weaver and Williams ( 1973).

All

velocities refer to the local standard of rest (LSR).

2.3

Results

The observations resulted in four data cubes, 32 pixels in both right ascension and
declination by 128 HI line channel maps. For the sake of brevity we have averaged
adjacent channels and only present maps for a small velocity interval around the
systemic velocity of the SNR. We discuss the data for each object individually.
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2.3.1

The Crab Nebula

In Figs. 2.1.- 2.2 we present HI line maps for the region around the Crab Nebula;
darker levels of grey denote regions of stronger HI emission. When analyzing these
data it is useful to look for connected regions of various shapes (filaments, arcs, loops,
etc.) which indicate regions of higher (clouds) or lower (voids) densities. These HI
features can then be related to objects seen in the continuum to learn more about
the environment of the object.
The Crab Nebula is unresolved at this angular resolution and appears in these
maps as abeam-sized depression in the centre of maps at velocities where its continuum radiation is absorbed. Figure 2.1 presents the data without any modification.
In order to accentuate some features a twisted plane background' was fit to, and
removed from, each map in Fig. 2.1 to obtain Fig. 2.2. The features described below
can be seen in both Fig. 2.1 and Fig. 2.2, although some are more distinct in Fig. 2.2.
There are at least three features in the HI environment of the remnant which may be
associated with it. Each of these emission features is roughly circular in shape with
areasonably well defined inner edge which bounds an area of depressed HI emission.
We will refer to these features as "bubbles" in the HI distribution, in analogy with
air bubbles in water. An idealization of the features that we will refer to as Bubbles 1 and 2 is shown in Fig. 2.3 and are indicated by the large and small circles
(respectively) in Figure 2.1.
The largest bubble (Bubble 1) is centred at approximately a = 05 1L33m, S =
20°51'30" (all co-ordinates in this chapter refer to epoch 1950) and is

6.4° in

'A twisted plane is asurface which is linear along any cut through it parallel to the X or Y axes.
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Figure 2.1: The large HI bubble
HI line data for the region around the Crab Nebula, presented at 3.3 km/s intervals.
Overlaid on the map are two circles denoting the boundaries of bubble 1and bubble 2 (the
large and small circle, respectively) as defined in the text. The diagonal line in the figure
denotes b=

_

50

The first contour is 7K and the contour interval is 7 K TB.
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Figure 2.2: HI around the Crab Nebula.
HI line maps for the region around the Crab Nebula.
intervals.

Maps are presented at 3.3 km/s

A twisted plane background has been removed from each map individually.

Overlaid on each of the maps is acircle denoting the boundary of bubble 2 ( as identified
in the text). The diagonal line in the figure denotes b= —5°. The first contour is - 18 K
and the contour interval is 3K.
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diameter. It begins to appear in Fig. 2.1 in the southeast 2,at avelocity of 9.18 km/s,
as aconcave depression in the bright ridge to the east. The concave depression is well
defined in the next channel at velocity 5.88 kin/s. The feature lasts until 2.58 km/s,
where the northern edge of the bubble becomes confused with bubble 2 (below). It is
difficult to determine whether the northern edge continues around to the northwest.
However, at — 7.31 km/s an arc appears in the northwest which fits well onto the
ends of the partial shell seen at positive velocities (e.g. 5.88 km/s). This arc persists
until — 16 km/s and is part of the structure suggested by RRKH as defining the
bubble around the Crab Nebula. If this are is in fact part of the same structure
as the eastern shell at positive velocities, the bubble encompasses

25 km/s in

velocity space. Despite the fad that this range is much greater than the 8 km/s
velocity width typical of astationary structure due to turbulent motions in the ISM
(Section 1.1.2), there is no good evidence for systematic expansion of the bubble.
Bubble 2is anearly circular HI feature within the boundary of Bubble 1. The low
intensity void within this structure is best seen at velocities of -4.02 and - 7.31 km/s
in Fig. 2.2 (these two velocity channels encompass the systemic velocity of the Crab,
—6.5 km/s, see below). The centre of the bubble is roughly (a =

05h34•6m, 6

=

21°46') close to, but not coincident with, the position of the Crab Nebula. A circle of
diameter

3.8° can be drawn through the emission peaks which surround the void.

Emission that may be associated with this structure is visible from + 5.88 km/s to
—17.21 km/s. At the distance of the Crab nebula (2kpc; Trimble 1971), the diameter
of the bubble would be 140 pc. The excess brightness temperature over the shell
defining the void is ATB
2tradlit.ion

5.5 K. The mass in the shell is on the order of 2x10 4M ® .

dictates that east is to the left and west to the right in astronomical images
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If we assume that this shell consists of HI which has been swept into a shell from
the interior, the pre-swept ISM density would have been on the order of 0.5 cm

3.

This bubble defines a depression in the HI intensity at the systemic velocity of
the Crab Nebula. The centre of this depression lies close to the projected position of
the Crab Nebula. These observations lead us to suggest that Bubble 2is at the same
physical distance as the Crab and is the feature to focus on when considering its
immediate environment and evolution. While Bubble 1occupies a similar velocity
range, it is larger in scale and seems less likely to be directly related to the Crab
Nebula itself.
If we take the pre-shell density calculated for bubble 2 (0.5 cm -') as an upper
limit for the current density within the void, then from the known age of the SNR,
and assuming a uniform density inside the bubble, alower limit to the radius of a
shock associated with ahalo of fast moving ejecta around the Crab Nebula (
R1)and
an upper limit to the swept up mass (
M 1)can be calculated using
E
/ .
M
-1/7
(2x 1051 ) 2/7
/i® )

=

nH

-1/7

cm

3)

(2.1)
PC

and
7
\ 6/7 (5MMO )
M 1 = 121\
2xE10')
-3/7
1
\0.01 cm \
3)4/7 VI

(Chevalier, 1985). Assuming the kinetic energy of the ejecta is E
the ejected mass M

=

=

22
2x 1051 ergs,

5M®, and the ambient ISM density n11 < 0.5 cm

3,
gives

an

outer shock boundary of R1 > 5.4 pc and swept up mass of All, < 11 M ® .The lower
limit on the radius is very insensitive to the choice of

n11,

and is well below the 70

PC radius of Bubble 2. An upper limit on R1 of 10 pc can be inferred by assuming

that the ejecta have expanded freely at a velocity of iO

km/s for 938 years since
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Figure 2.3: The environment of the Crab Nebula
A scheniatic showing the two main features in the HI environment of the Crab Nebula.
The location of the Crab Nebula is indicated by the star within Bubble 2. Bubble 1 is
delineated by the eastern bay in the ambient Galactic HI at positive velocities and the arc
in the northwest that appears at negative velocities (- 7to - 17 kin/s).
the

Sul)elliova

explosion.

As a result, if the Crab had an explosion energy typical of

Shell SNRs, the high velocity ejecta would not yet have readied the bubble wall.
Note that the bubble identified as existing around the Crab Nebula ( Bubble 2)
differs from that identified by RRKH. There are several possible reasons for this.
Firstly, the boundaries of the bubble identified by RRKH appear to have been chosen
to coincide
of

with apartial shell seen in the IRAS data. In Fig. 2.4 a map of the ratio

6Oitmn emission to 100 jim emission ( from IRAS) for time region around the Crab

is presented.

This ratio is sensitive to temperature variations

in

the dust and is
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useful to delineate heated dust which one might expect to find around an interstellar
cavity (e.g. Saken et al. 1992). For reference, circles which denote the boundaries of
Bubbles 1and 2as described above have been overlaid. Darker greyscales indicate a
higher 60m/100m ratio and regions of higher dust temperature. Bubble 2is not
evident in the IRAS data, but Bubble 1does appear to enclose a region having a
lower dust temperature. The feature noted by RRKH is similar to our Bubble 1.
Secondly, RRKH detected absorption of the emission from the Crab Nebula out
to — 10 km/s, placing the Crab Nebula behind a ridge of emission at — 10.6 km/s
and outside the velocity range of Bubble 2. We suggest instead that the absorption
ceases between — 2.5 and — 8.5 km/s, with abest guess of — 6.5 km/s, and place the
Crab within Bubble 2. The discrepancy between the assumed systemic velocities can
be explained by noting that the absorption spectrum used by RRKH was obtained
using asingle antenna radio telescope, having abeam area much larger than the area
of the Crab Nebula itself. At higher resolutions (Radhakrishnan et al. 1972; Greisen
1973) the absorption can be seen to cease at or near — 6.5 km/s. This difference can
be explained by an HI structure, having alarge velocity tail and angular extent larger
than the Crab Nebula, being included in the beam of the single antenna observations.
A third, and smaller, bubble seen in this region is centred near the 07 III star
SA077293

(=

11D36879), at a =

05h32m41s,

=21°22'20".

In projection it appears

just southwest of the Crab Nebula and within, but slightly below, the centre of
Bubble 2. It is alittle less than

20

in diameter (about half the diameter of Bubble

2), and is seen from — 8 km/s to — 30 km/s. The bubble is best seen in Figure 2.2
from v=—17 to v=—22 km/s, where it appears as aportion of ashell open towards
the south-east inside Bubble 2. The morphology suggests systematic expansion over
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Figure 2.4: The infra- red emission around the Crab
The ratio of the IRAS 60/
tin and 100/1m ratio maps for the region covered by the HI
observations. Darker region indicate a higher ratio. An irregular shell structure can be
seen. Overlaid on the map are circles denoting the boundaries of the structures discussed
in time text.
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this velocity range. Given the near positional coincidence between the position of
the centre of this bubble and the position of SA077293, we suggest that the two
are related. We discuss this in more depth in Chapter 5, where higher-resolution
observations of the area are presented.

2.3.2

3C58

The DRAO 26m data towards 3058, for the velocity range from — 27 km/s to
—45 km/s, are presented in Fig. 2.5. This velocity range encompasses the systemic
velocity of 3058 (- 37 kin/s, Green and Gull, 1989). 3058 sits in a low intensity
region in the HI distribution around which we identify an irregular shell structure
beginning at — 30 km/s and continuing to — 40 km/s.

This feature is seen more

prominently in Fig. 2.6, where we present data from the HI survey of Braunsfurth
and Reif ( 1984) which has 9arcminute resolution. The higher angular resolution of
these data reveal the bipolar shell structure. An integrated HI emission map is shown
covering the velocity range from — 30 km/s to — 40 km/s. The shell is centred near
jh5?pn

5= 64°23', with an angular size of approximately

330

x 1.5°. Using

aflat rotation curve (Section 1.2) to model galactic rotation the systemic velocity
of 3058 implies a distance of 3.2 kpc. At this distance the linear size of the shell
is approximately 185 x 86 pc. There is no indication of expansion over the velocity
range shown. If this shell was formed by sweeping up material through the action
of stellar winds, the initial ambient density was m

r'

10 cm

3.The

IRAS data do

not show any evidence for an JR emitting shell coincident with the HI shell around
3058.
Roberts et al. ( 1993) made high resolution HI observations, of a region

40'
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Figure 2.5: HI emission around 3C58
HI line maps for the region around 3C58. Maps are presented at 3.3 km/s intervals. The
first contour is 10 K and the contour interval is 10 K. 3C58 is unresolved in these images
and is indicated by the position of the cross.
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in diameter, around 3C58 using the Westerbork Synthesis Radio Telescope and the
Effelsberg lOOm radio telescope. They note an emission feature at — 35 km/s which
overlaps the position of 3C58. They also see the same feature in the absorption spectrum towards anearby extra-galactic source. This HI may be part of the structure
shown in Fig. 2.6, but without alarger scale high resolution image it is difficult to
relate their feature with the larger scale structure in Fig. 2.6.

2.3.3

G74.9+1.2

The data for the region around G74.9+1.2, for the velocity range — 60 km/s to
—78 kin/s, are presented in Fig. 2.7.

This velocity range encompasses the range

(-65 km/s to — 75 kin/s) in which absorption of G74.9+1.2 is seen to disappear
(Green and Gull, 1989; discussed further in Chapter 4). Although the linear resolution is poor, G74.9+1.2 appears to sit within adepression or bay in the Galactic
HI around which a partial shell structure,
a

=

2.6° in diameter and centred near

20 113m, S = 37°, can be drawn. This partial shell is visible from — 65 km/s

to roughly — 80 km/s (best seen at — 67 km/s in Fig. 2.7), with some indication of
expansion in that range. A flat rotation curve places G74.9+1.2 at roughly 12 kpc,
and suggests that this bay is > 500 Pc across. HI bays of this size are not without
precedent (Heiles 1979, 1984). The excess HI temperature over the partial shell is
15.8 K, which translates to an ambient pre-shell density of m

0.2 cm - 3.

It may seem presumptuous to refer to this arc structure as a "shell" but this is
in keeping with Heiles ( 1984), who notes that many of the large scale Galactic shells
identified in his HI data show only one half of the expected circular shape.

The

simplest explanation for this morphology is that the galactic density gradient results
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Figure 2.6: HI emission around 3C58
An integrated HI line map for the region around 3C58, covering the velocity range - 30 kni/s
to - 40 km/s,

from

the data of Brauiisfurth and Reif ( 1984). A twisted plane background

was fitted to and subtracted from the map. The blanked area near the top represents the
coverage limit of this data. The first contour is at 9 K below the computed background
and the contour interval is 4.5 K. The position of 3C58 is marked by the cross near the
center of the field.
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Figure 2.7: HI emission around G74.9+1.2
HI line maps for the region around G74.9+1.2. Maps are presented at 3.3 km/s intervals.
The first contour is at 8 K and the contour interval is 8 K. G74.9+1.2 is unresolved in
these images and its position is marked by the cross in the centre of the field.
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in less mass being swept up in adirection away from the plane.
G74.9+1.2 falls positionally within the infrared supershell around the Cygnus
OBI association (Saken et al. 1992). The neutral hydrogen and JR structures are
thought to be unrelated however. The Cygnus OB1 association is placed at adistance
of 1.5 kpc, substantially less than the 12 kpc of G74.9+1.2. In addition, the size and
morphology of the two features are different, suggesting achance superposition.

2.3.4

G21.5-0.9

The data for G21.5-0.9 are inconclusive. The galactic plane is very much in evidence
at the systemic velocity of the remnant ( 65 kin/s; Davelaar et al. 1986), but there is
no readily identifiable feature near the position of G21.5-0.9. A bubble (such as found
around our other SNRs) could easily be masked by background emission (due to the
double valued nature of the galactic rotation curve in the inner galaxy). Additionally,
if G21.5-0.9 lies within abubble blown by the wind from asingle massive progenitor
the bubble could be unresolved in our maps. In order to be detectable, avoid in the
ISM would have to be at least 2-3 beams in diameter. At an assumed distance of
5.5 kpc the 36' beam of the DRAO 26m telescope translates to alinear size of 58 pc,
and abubble> 150 Pc can be ruled out in our data. Thus, avoid having alinear size
comparable to those around the Crab Nebula and 3C58 would be undetectable in
our low resolution data although afeature as large as that around G74.9+1.2 would
be easily resolvable.
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2.4

Discussion

In Section 2.3 we presented evidence that three of the four filled-centre SNRs we
observed are located physically within large low density voids in the ISM. The Crab
Nebula and 3C58 lie within regions of lower density than their surroundings, which
we refer to as bubbles. G74.9+1.2 appears to sit within an open depression or bay in
the ambient Galactic atomic hydrogen. The lack of adetection of abubble around
the fourth object ( G21.5-0.9) rules out the presence of a depression > 150 pc in
diameter.
The absence of atomic material in the region immediately around each of these
remnants does not necessarily imply the absence of molecular material in the same
region. A search of the literature reveal several CO observations made in the directions of these FC SNRs. Huang and Thaddeus ( 1986) mapped CO emission around
anumber of SNRs, including G74.9+1.2, 3C58, and the Crab Nebula. The CO distribution towards G74.9+1.2 was imaged at higher resolution by Cho et al. ( 1994).
G21.5-0.9 falls within the area mapped in the Massachusetts-Stony Brook CO survey of Sanders et al. ( 1986). There is no evidence for CO emission in the area and
velocity range of the bubbles we identify around any of the observed SNRs. There
appears to be CO immediately in front of the feature identified around G74.9+1.2
(from -53 to -63 km/s), as well as along the line of sight to 3C58. Cho et al. note
that the radio continuum peak of G74.9+1.2 falls spatially between two clumps of
CO at this velocity. Despite this Cho et al. find no abnormal velocity gradients or
other evidence for an interaction between the CO and the SNR. Such an interaction
region may be small compared to the size of their beam, however, and the beam
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dilution may mask the evidence of interaction. For the Crab Nebula, there is aridge
of CO emission roughly 2° to the northwest of the rernnnt from 0km/s to 10 km/s.
None of these data appear to indicate molecular material associated with any of the
SNRs.
It may be argued that the presence of these filled-centre SNRs inside voids in the
HI distribution is simply coincidence, i.e. that the voids are unrelated to the lack
of aradio continuum shell. It is difficult to say anything quantitative about this as
little is known about the porosity of the ISM on these scales. Heiles ( 1979, 1984) has
analyzed low resolution HI observations of the galactic plane, finding alarge number
of shells ranging up to 3 kpc in diameter. A statistical study based on his data,
however, is not possible due to the subjective nature of the identifications. Bregman
et al. ( 1993) modeled the HI in the galactic disk, and conclude that the HI is best
described as acontinuous distribution containing holes due to stellar winds and SNe.
They conclude that the filling factor of HI within the galaxy is 20%-50%, with the
remaining 50%-80% consisting of holes of warm or hot ISM. In this case the observed
fraction of SNRs within low density regions of the ISM is, perhaps, no more than
might be expected. To test the hypothesis that all filled-centre SNRs exist in low
density regions of the ISM will require observations around more filled-centre SNRs
whose positions in three dimensions can be determined.

2.5

Conclusion

In this chapter the results of low resolution HI observations around four FC SNRs
have been presented. The data show evidence for three of the four SNRs falling within
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the boundaries of low density voids in the HI distribution; the data for the fourth
shows no evidence for avoid larger than 150 pc. These data thus provide tentative
support for the suggestion that FO SNRs lie in low density regions of the ISM, but
higher resolution observations are clearly required to confirm this conclusion.

Chapter 3
The HI Environment of G74.9+1.2

The results of an investigation into the HI environment of the FC SNR G74.9+L2
(CTB87) are presented. The observation from Chapter 2that G74.9+1.2 lies within
the boundaries of apossibly expanding bubble in the HI distribution at the systemic
velocity of the SNR is confirmed. This bubble is defined by apartial HI shell which
opens away from the Galactic plane. The new observations show that G74.9+1.2 lies
adjacent to the inner boundary of the HI shell.

The morphology of the north-west

edge of the SNR suggests that the HI shell has impeded the expansion of the SNR in
this direction. This result, together with the absence of asteep-spectrum synchrotron
shell, rules out the presence of an invisible halo of fast moving ejecta, and implies
that the original supernova explosion did not have enough energy to form such ahalo.
The observed morphology of G74.9+1.2 can be explained if the kinetic energy of the
nebula is comparable to that found in the Crab Nebula, roughly afactor of SO smaller
than the energy found in Shell SNRs.

3.1

Introduction

In Chapter 2the discovery of a (possibly) expanding HI void around the FC SNR
G74.9+l.2 was reported. However, the low resolution of those data provides limited
morphological information on structures smaller than

l.°5. As G74.9+1.2 is

8'

in diameter, higher resolution observations are needed to confirm these results and
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Table 3.1: DRAO ST Observational Parameters
21 cm Continuum

74 cm Continuum

21 cm Line

1?75
16 x097
1mJy/beam
1420.87

503

34 mJy/beam
408.0

Bandwidth

30 MHz

4MHz

Polarization

both circular

right circular

1? 75
2' x2'
1K
1420.87
(-65 km/s)
7.815 kHz
(1.65 km/s)
right circular

a = 20"16- Os

S= 37°12'O"

Field of View (FWHM)
Resolution
Map Noise
Central Frequency (MHz)

Observed Phase Centre

55 x34

to investigate the HI environment immediately around the SNR. In this chapter we
report the results of radio continuum observations of G74.9+1.2 and its surroundings
at 18, 21 and 74 cm. The surrounding ISM is probed via the 21 cm emission line of
HI.

3.2

Observations

3.2.1

DRAO Observations

The observations were obtained on twelve days during the period April-June 1994
using the synthesis telescope (ST) of the Dominion Radio Astrophysical Observatory
(DRAO). Details about the observation can be found in Table 3.1. The HI line data
consist of 128 channel maps having a total velocity coverage of 211 km/s.

More

information on the DRAO ST and its receivers can be found in Roger et al. ( 1973)
and Veldt et al. ( 1985), as well as Appendix 1.
The data resulting from these observations are strongly affected by structures
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centered on the radio galaxy Cygnus-A, which lies approximately
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from the ob-

served phase centre. Most of these structures are the result of amplitude and phase
errors in the visibility data. The continuum data were self-calibrated using standard
DRAO software, and amodel of Cygnus-A was removed from the visibilities in order
to minimize these errors.
Information on larger spatial scale structure was taken from the surveys of Reich
et al. ( 1990) and Haslarn et al. ( 1982) (for the 21 cm and 74 cm continuum data
respectively) and added to the ST data using a method similar to that method
outlined briefly in Roger et al. ( 1984).
The level of HI line emission is sufficiently low that the grating rings from the
emission are below the noise level; no self-calibration or CLEANing was required. A
"pseudo-continuum" map was constructed by averaging data from empty channels
at one end of the HI data cube. The pseudo-continuum map, which contains no HI
line emission but contains all artefacts seen in the HI line channels, was subtracted
from each channel in the HI data cube yielding a data cube of HI emission ( and
absorption) only.

Short-baseline information was supplied by frequency-switched

observations made with the DRAO 26-rn radio telescope, and was added to the
longer baseline ST data.

3.2.2

VLA 18 cm Observations

The VLA' data presented here were originally observed as part of aVLBI experiment
during September 1986. The observations were centered on the extragalactic source
'The VLA is afacility of the National Radio Astronomy Observatory, which is operated by the
Associated Universities, Inc., under contract with the National Science Foundation
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2013+370

(
a=

2O 1i15m287, 6 = 37°10'59.'7), which is located roughly 6' from the

centre of G74.9+1.2. The central observing frequency was 1665 MHz ( 18cm) with a
bandwidth of 50 MHz. The observations were made with the VLA in ahybrid B/C
configuration, with resolution 9'!6 x 5'.'8. These data were reduced by D. Fail of the
VLA and kindly provided to the author.

3.3
3.3.1

Results
21cm Continuum data

A contour/greyscale map of the 21cm continuum data is presented in Fig. 3.1. The
extended feature in the centre of the map is the FC SNR G74.9+1.2. The unresolved
source immediately to the west of G74.9+1.2 is the extragalactic source 2013+370
(Green and Gull 1989; Spangler et al. 1986).
To the southeast of the SNR is abright Hil region, S104, and aridge of diffuse
emission possibly related to the SNR. G73.9+0.9. Pineault and Chastenay ( 1990)
have observed and discussed much of this emission previously and we will not discuss
it further here.
A feature worth noting is the "gap" in emission to the north and west of the
nebula. The inner edge of the gap is defined by emission from afaint semi-circular
"plateau" upon which G74.9+1.2 sits.

This gap is also apparent in the Reich et

al. ( 1990) data which were added to the DRAO data.

The reality of the gap is

illustrated in Fig. 3.2, where we compare the gap as seen at 74, 21, and 11 cm (this
final image has been taken from the survey of Reich et al., 1984).

Although the

morphology of the gap changes with frequency, it is clear that it is not simply an
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64

37 0

0
0
0

z

0

z
370

oo:

C,
0

360 30

_______

20 0

18"

20 0 16"

20 0 14"

RIGHT ASCENSION ( 32000)

370

30

370

00

350

30

0
0
0

z

0

z
0
U
C

20 0 6"

200

16"

20' 14

RIGHT ASCENSION ( 32000)

-

370 30'

0
0

z

0

z
-,

370

00

0
0

360 30
3Q0 15"

20 0

16"

20

RIGHT ASCENSION (32000)

Figure 3.2: The continuum gap
The gap in the continuum emission is seen in the at 74 ( upper), 21 ( middle), and 11 cm
(lower). The data have all been smoothed to a 6' circular

beam for ease of comparison.

The greyscale has been chosen to accentuate the gap, and asingle contour has been added
to each

plot to help guide the reader.
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imaging artefact.
The low resolution of the data limits the amount of morphological information
available for G74.9+1.2 itself. Nonetheless we are able to note that, at low intensity
levels, the distinctive "kidney-like" morphology of G74.9+1.2 (seen e.g. in Weiler
and Shaver 1978) gives way to a rather more semi-circular shape, with a circular
edge to the southeast and aflat edge to the north-west. This low-level structure is
hinted at in the 21 cm image of Green and Gull ( 1989) and in the 11 cm image of
Geldzahler et al. (
1980).
The flux density of G74.9+1.2, determined from these observations, is

8

142OMFIz

=

7.7±0.3 Jy. This was derived by first defining apolygon around the SNR (using amap
from which the contribution from 2013+370 had been removed) and fitting atwisted
plane to the vertices of the polygon. The positive flux above this twisted plane was
integrated to derive the flux density of G74.9+1.2. Several different polygons were
defined, and the flux density for each was calculated. The value quoted above is the
average of the calculated flux densities. The uncertainty is the rms scatter in these
values.

3.3.2

74cm Continuum data

A contour/greyscale map of the full-resolution 74 cm data is presented in Fig. 3.3.
The lower resolution of the 74 cm data hides any structural information about
G74.9+1.2 at this frequency. The plateau and gap mentioned in connection with
the 21 cm data can also be seen at 74 cm, but are not nearly as obvious.
The 74 cm flux density of G74.9+1.2 (determined as for the 21 cm data, with the
exception that 2013+370 was not removed from the map) is

84O8MHz

=

11.5 ± 0.7 Jy.
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Figure 3.3: Final 74cm image of G74.9+1.2
The 74 cm map is presented above as agreyscale with contours overlaid to better delineate
the "gap" in emission mentioned in the text. Contours fall at 0.9, 1.4, 1.8, 2.7, 3.6, 4.5,
5.4, 6.3, and 7.2 Jy/beam. Greyscale transitions occur at these same levels
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Remeasuring the flux density of G74.9+1.2 from five 74 cm DRAO fields in which
it appears (including that presented here) yields a mean value of 12.5 ± 0.6 Jy
(Landecker et al., 1996), consistent with the above.

3.3.3

18 cm Continuum data

The VLA data do not include information on large scale emission due to the lack of
short spacings. The DRAO data were added to the VLA data in order to supply this
information. However, the VLA and DRAO data were centered at slightly different
frequencies ( 1665 vs. 1420 MHz respectively). To take this into account the VLA
data were scaled to a frequency of 1420 MHz by assuming that the SNR has a
uniform spectral index of a = —0,26 (S oc
datasets were combined.

iia).

After scaling the VLA and DRAO

The emission due to 2013+370 was removed from both

datasets prior to combining the data. The combined data set was smoothed to 15"
.ircular resolution. The resulting image is shown in Fig. 3.4. The effects of residual
amplitude errors in the DRAO data are apparent at levels of afew mJy/beam around
the position of 2013+370. These errors are manifested in Fig. 3.4 as the irregular
bottom contour in the figure. As noted previously, the familiar "kidney-shape" of
the SNR is evident in the brightest regions of the SNR, while the lower contours
trace amore semi-circular shape.

3.3.4

HI Absorption Spectra

The initial step in analyzing the HI data was to produce an absorption spectrum for
G74.9+1.2. Emission having angular size scales larger than

8' (the size scale of

the brightest emission from the SNR) was filtered out by making spectral line maps
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Figure 3.4: Combined VLA 18 cm and DRAO 21 cm data
Contour map of combined VLA and DRAO data.

The data have been smoothed to a

15" circular beam. Emission due to the nearby extragalactic source 2013+370 has been
removed. The dashed contoured circle denotes the outer edge of the SNR to the SE.
The cross marks the centre of this circle. The first contour falls at 1.5 mJy/beam, and
subsequent contours are spaced at 3mJy/beam intervals to 34.5 mJy/beam. The lowest
contour is contaminated by low level artefacts centered on 2013+370 (removed from data
and not seen in this figure) and the significance of emission on this level is debatable.
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3.5: Absorption spectra for G74.9+1.2 and 2013+370
spectrum (normalized to unity) for the FO SNR G74.9+1.2 (solid line)
extragalactic source 2013+370 (dotted line). The absorption peaks seen
and — 57 km/s are common to both sources, but the absorption seen at

—80 km/s in 2013+370 is not seen in the spectrum of G74.9+1.2
from baselines larger than 86m. The resulting spectrum for G74.9+1.2, and that of
2013+370 for comparison, are presented in Fig. 3.5.
The spectra in Fig. 3.5 are similar to those presented by Green and Gull ( 1989).
As with the Green and Gull data, our spectra show that the strong absorption of
2013+370 present at — 75 to — 90 km/s is not seen in the absorption spectrum
of G74.9+1.2. All other absorption peaks are present for both sources. However,
weak absorption of the emission from G74.9+1.2 can be seen from — 65 km/s to
—90 km/s. This weak absorption is also seen in the data of Green and Gull.
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Clearly the features producing the strong absorption of 2013+370's continuum
emission at — 80 and — 90 km/s lie behind G74.9+1.2. However, the HI causing the
weak absorption of G74.9+1.2 at these velocities must be located in front of the
SNR. Non-circular and turbulent motion of material closer to us (caused e.g.

by

stellar winds or supernovae along the line of sight) may extend the velocity coverage
of such material out to — 90 km/s, and thus account for the weak absorption.

A

possible source for such non-circular motion is the Cygnus superbubble (Saken et al.
1992; Lozinskaya and Repin 1990) located at a distance of

2 kpc (
v

7 km/s),

significantly closer than G74.9+1.2. The Cygnus superbubble is centered near 1=
76°, b= 1°, extends roughly 3° in longitude, and is powered by a number of WolfRayet and 0 stars (Saken et al. 1992). In particular, Nichols-Bohlin and Fesen ( 1993)
detect high velocity gas in UV absorption lines associated with a number of stars
in the Cygnus superbubble. The velocity range of the high velocity gas (±90 km/s)
overlaps the velocity range of the weak absorption. We therefore feel that the weak
absorption of G74.9+1.2, seen from — 65 to — 90 kin/s, is not important when
considering the systemic velocity of the SNR.
In summary, we agree with the conclusions of Green and Gull ( 1989) that the
systemic velocity of G74.9+1.2 lies in the range — 65 km/s to — 75 km/s. The less
negative value comes from the velocity of the last absorption peak seen in both
G74.9+1.2 and 2013+370 (due to gas which lies in front of both objects), while the
more negative denotes the velocity of gas which absorbs emission from 2013+370
but

not

G74.9+1.2 (indicating that the gas lies behind G74.9+1.2). Assuming aflat

Galactic rotation model, this corresponds to adistance of

12 kpc. Although this

distance may not be precise, the HI absorption measurements have established the
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systemic velocity of the SNR quite precisely, allowing us to place the SNR relative to
HI emission features in the field. We shall assume adistance to G74.9+1.2 of 12 kpc
in the following discussions.

3.3.5

HI Line Maps

In Chapter 2apartial, possibly expanding, HI shell is identified around the position
and systemic velocity of G74.9+1.2. The identified shell has an angular diameter
of roughly 26 and opens away from the Galactic plane. The SNR lies off-centre
in this bubble.

As the field of view of DRAO HI maps

( r-

2°) is inadequate to

cover the required area in one observation we combined the present HI data set with
that of Pineault ( an observation with the DRAO synthesis telescope, similar to the
observations presented here, centered at a =

20h 14'9',

5= 36°12'lO", publication in

preparation), and present the combined data in Fig. 3.6. As we are only concerned
with the ISM in the vicinity of G74.9+1.2, we present here only those maps for the
velocity range — 50 km/s to — 85 km/s.
The HI observations presented here confirm the findings of Chapter 2. An expanding bubble of HI in the area around G74.9+1.2 is identified from — 58 to — 78 km/s.
The bubble is defined by aregion of low intensity HI emission, unbounded to the east
(away from the Galactic plane) and bounded to the west by ahemispherical ridge of
enhanced HI emission. We shall refer to this region of enhanced HI emission as the
"shell" although only half the expected circle is visible. The shell of HI emission is
centered at roughly a(J2000)

=

20 116m158, 5(J2000)

is well fit by ahalf-circle of maximum radius
of maximum radius

=

36°40'; the inner boundary

38' and the outer boundary by one

70'. A linear ridge of HI emission can be seen to the north of
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Figure 3.6: HI velocity channel maps
The combined HI data are presented above as greyscale images covering the velocity range
from — 52 km/s to

— 80

km/s, in steps of 1.65 km/s.

The HI shells discussed in

the text can be best seen at — 69.95 km/s. The position of G74.9+1.2 is marked by the
absorption seen in the earlier channels
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Figure 3.6: (continued)
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this HI shell. The lower resolution observations presented in Chapter 2presumably
smoothed the emission from the shell and ridge to give the impression of a single
structure having a diameter of

26. For the purposes of this thesis, however, we

will concentrate our attention on the HI shell since it alone appears to be associated
with G74.9+1.2. At adistance of 12 kpc the inner diameter of the shell is 260 pc.
Although only one hemisphere of the shell is detectable, the feature has all the
hallmarks of an expanding (or contracting) bubble in the ISM. Such abubble would
appear initially as a small depression in the HI distribution, which would grow in
size with velocity until the it reaches a maximum at the systemic velocity of the
object. As the velocity continued to change the depression would collapse until it
disappeared. Comparing this model to the present HI data, at — 58 km/s there is
only amorphous HI emission. The HI shell appears to open slightly at — 60 km/s,
and this opening becomes more prominent at — 63 km/s. The interior of the shell
becomes increasingly well defined as the velocity grows more negative, reaching a
maximum diameter at — 70 km/s. The shell then appears to shrink in diameter
until roughly — 78 km/s, where there is once again only amorphous HI emission.
This gradual opening and closing of ashell in the HI distribution, as well as the large
velocity width of the feature ( 20 ± 3km/s), are indicative of an expanding bubble
in the HI distribution.
The average HI temperature of the shell is 5.5 ± 1.1 K above the local background.
The primary source of uncertainty in this calculation lies with the determination of
the background emission level. A number of different measurements were made, and
the quoted uncertainty reflects the statistical variation in the resulting values.
We can determine the total column density of HI in the shell using NHI

=

1.823 x

75
1018

fTB(v)dv

(
TB

in K, with vin km/s). Using

column density in the shell is Ni-i1
MI.H

=

=

7B

=

5.5 K we find that the average

2x 10 20 CM -2and the mass of HI in the shell is

2.2 x 10 1 M ® .This implies aparticle density in the shell of 0.7

CM - 3.

If the

HI shell mass was initially distributed over asphere having aradius of 260 pc, the
hydrogen density of the ISM before the formation of the shell would have been 0.15
cm -3.A comparable figure was obtained in Chapter 2. Given the uncertainties in
determining the boundaries of the expanding HI shell (in velocity as well as spatially)
we estimate the uncertainty in these values to be on the order of 50%. With the
above mass, and the 10 km/s expansion velocity of the shell, the kinetic energy in
the shell is

2x iO° ergs.

The CO emission (discussed in Section 2.4) lies at the blue-shifted velocity extreme of the HI shell. There is no evidence that the CO is being accelerated by
the expanding HI shell, despite the apparent overlap in velocity ranges. We will assume that the observed HI shell accurately represents the ISM immediately around
G74.9+1.2, and that the CO along the line of sight towards G74.9+1.2 is not dynamically important in the SNR evolution.

3.4
3.4.1

Discussion
Comparison of Continuum and Line Data

In Fig. 3.7 we have overlaid contours, corresponding to the 21cm continuum emission,
upon agreyscale representation of the HI emission at — 71.6 km/s to investigate the
ISM immediately around the SNR. It is clear that acorrelation exists between the
continuum emission and the HI shell. There are several features worth mentioning:
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• The inner edge of the HI shell appears to be well traced by the lowest continuum
contour tracing the "plateau" of emission upon which G74.9+1.2 sits.

This

correlation holds for only half of the arc of the shell but, given the possibility
of confusing continuum emission along the 12 kpc path to the SNR, even this
degree of correlation is striking. The correlation begins at roughly — 65 km/s
and lasts until — 75 km/s.
• The lower contours of the north-western edge of G74.9+1.2 itself follow the
inner edge of the HI shell.

Given that the systemic velocity of G74.9+1.2

falls within the velocity range of the shell, this suggests that G74.9+1.2 may
be physically interacting with the inner HI shell, and that the asymmetric
morphology of the SNR is a result of such an interaction.

We discuss this

possibility in more depth later.
• The "gap" in continuum emission is correlated with the HI emission from the
HI shell. The inner edge of the HI is bordered by the continuum "plateau"
mentioned above, while the outer edge of the HI shell is bordered by the continuum emission to the north of the continuum "gap". The northern edge of
this continuum emission itself borders another increase in HI emission (the ridge
mentioned earlier). These correlations are seen from — 60 km/s to — 76 km/s.
The morphological resemblances between the plateau and the HI shell, and the
SNR and HI shell, may be a coincidence as the 12 kpc line of sight to G74.9+1.2
passes through a large amount of material. However, based upon the observations
we propose the following scenario: The FC SNR G74.9+1.2 lies within the physical
confines of an expanding bubble in the ISM. The bubble is defined by alow density
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370

36 0

20'20'"

6'

12m

RIGHT ASCENSION ( J2000)

Figure 3.7: 21 cm continuum overlaid on HI at v = —70 km/s
The 21 cm continuum data ( white contours) is overlaid on the HI emission at — 70 kin/s
(greyscale) for comparison. The contours are placed at 0.1, 0. 2, 0.4, 0.8, 0.16, 0.32 and
0.64 Jy/beam.

The lowest level is indicated by time thicker contour.

The noise in the

continuinn data increases sharply to the lower right of the image. Time lowest continuuni
contour appears to follow the edge of the HI bubble, and the HI which fills the continuumii
gap.
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region which is open to the east and which is bounded to the west by ahigher density
shell of HI. The SNR lies immediately adjacent to the HI shell, and the flat edge of
the SNR towards the shell is the result of interaction.
The kinetic energy within the HI shell (
E

2 x io° ergs) is consistent with

the formation of the shell by an SN explosion, but it is unlikely that the SN which
created G74.9+1.2 also created the HI bubble. The SNR is at the edge of the shell,
which has radius 130 pc. If the SNR age is 4500 years (see below), and has avelocity
relative to the shell of 100 km/s, the SNR would have moved 0.5 pc.

This is a

small fraction of the bubble radius, and thus argues against the SN which created
G74.9+1.2 also being responsible for the formation of the HI shell as it should then
have been near the base of the bubble when it was formed. In addition, the plateau
upon which G74.9+1.2 sits consists of thermal emission (a = 0.2 ± 0.4); the good
correlation of the plateau emission with the interior of the HI shell suggests that
the thermal plateau and the HI shell are both part of the same structure, and that
the plateau results from ionized gas within the shell (as there is no ionized gas at
the position of the HI shell no continuum emission is expected). Presumably this
structure is formed by an ionization bounded Hil region.

3.4.2

A simple model for G74.9+1.2

The morphology of, and the spatial coincidence between, the HI shell and G74.9+1.2
suggest that the two may be interacting. In particular, it seems reasonable to suggest
that the expansion of the SNR has been impeded in the direction towards the HI
shell, resulting in the flat edge of the SNB. towards the NW, while its motion in the
opposite direction has been more nearly free expansion.
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We can explore this possibility by invoking avery simple model for the evolution
of the pulsar-powered nebula. Chevalier ( 1984) discusses the early time evolution of
pulsar-powered nebulae interacting with different forms of the ISM (Section 1.5.2),
but notes that once the explosion energy has been transferred to the ISM the nebular
expansion follows that of astandard blast wave, with R cc t
03 .The asymmetry in the
nebula suggests that the expansion to the northwest has been significantly affected
by the presence of ISM in that direction; we thus assume that the motion of the
expansion to the northwest can be described by a blast-wave solution. Instead of
using the t° 3 expansion, however, we follow Bhattacharya ( 1990) in assuming that
the extent of the pulsar powered emission is determined by the distance that the
ejected envelope has penetrated the surrounding ISM; the kinematic evolution of the
pulsar powered nebula is therefore the same as that for the SN ejecta.
If the material ejected to the SE has expanded freely since being accelerated in
the early phases by the synchrotron nebula, we can estimate the position of the
SN explosion (The assumption of free-expansion is not absolutely necessary for this
step, as all that needs to be assumed is uniform expansion to the southeast; a
expansion, as for asynchrotron bubble expanding into auniform medium, might also
be assumed, but if the synchrotron bubble was expanding into stellar wind material
at
1 expansion would also result). A circle of radius

4', centered near a'

= 20116m ,

5 = 37°13', was fit to the SE (assumed freely expanding) section of the SNR in the
combined VLA/DRAO data (Fig. 3.4). This suggests that the SNR has expanded
15 Pc into the interior of the bubble. Taking the centre of the circle as the explosion
centre, the distance from the explosion centre to the edge of the emission to the NW
estimates the distance the ejecta have traveled into the HI shell. The distance from
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Table 3.2: Derived Physical Parameters for G74.9+1.2
E. (ergs)

1O 5'

Maximum Age (years)
vej (
km/s)
trad

(
years)
(
km/s)

VPSR

820
18000
42000
7700

4x 10°

3x 10 49

1300
11000
34000
4900

4600
3250
15000
1400

the centre of the above circle to the closest edge of the SNR emission to the NW is
5.5 pc; we take this to be the maximum distance that the ejecta have penetrated
the HI shell.
The ejecta moving towards the HI shell will interact with the shell, and we assume
that the SNR enters aSedov expansion phase (Sec 1.5.1) immediately. The age of the
SNR can thus be estimated from the known density of the HI shell using the Sedov
expansion formula. From the age of the SNR, we will then be able to derive the
velocity of the freely expanding material to the SW. The results of this calculation
are sensitive to the assumed kinetic energy of the SN explosion; the calculations
have thus been made for three different values of kinetic energy in order to take into
account the range from the canonical value

(1051

ergs) through 4x 1050 ergs down to

the energy associated with the Crab Nebula (3x 10 49 ergs). Results of calculations
are shown in Table 3.2. The age at which radiative losses become important
was derived using Equation 1.9.

(tra d)

These ages imply that the assumption of Sedov

expansion is reasonable, even for the lowest explosion energy.
The derived ages of the SNR are, with the exception of the E0

=

3 x 10 49 ergs

case, much lower than the ages derived in the literature via other methods.

For

example, R&C suggest an age of 2700 years for alow energy event using their model

81
for FC SNR evolution. Wilson ( 1980) derives an age between 4000 and 7000 years by
assuming that G74.9+1.2 is an elderly Crab Nebula, and Weiler and Panagia ( 1980)
suggest

3000 years according to their model for FC SNR evolution. Wang et al.

(1986) suggest an association between G74.9+1.2 and the historical SN of B.C. 523
(implying an age of 2500 years), although the large path length to the SNR makes
this suggestion open to debate.
The model discussed above requires no central pulsar and is based only on the
kinematics of the SN ejecta. G74.9+1.2 has the hallmarks of aFC SNR (fiat spectrum, centrally enhanced emission, no discrete shell) and thus the SNR emission is
presumably powered by acentral pulsar. If such apulsar exists in G74.9+1.2 (and
no PSR search has yet revealed one; Gorham et al., 1996) then it is reasonable to assume that the pulsar lies within the region of most intense radio emission. Thus, the
distance between the assumed site of the SN explosion and the brightest portion of
the SNR will be the (projected) distance traveled by the assumed PSR; this distance
is roughly 6.5 pc. Dividing this distance by the derived ages for the SNR will result
in the minimum velocity for the PSR. These numbers are included in Table 3.2.
It can be seen immediately that the derived PSR velocities are extremely high.
Frail, Goss and Whiteoak ( 1994) tabulate the data for the known PSR/SNR associations and list pulsar velocities as high as 3600 km/s. They admit that some of the
associations and derived pulsar velocities are questionable, however, and conclude
that the highest trustworthy pulsar velocity is 1800 km/s for PSR 1757-24 (associated with the SNR G5.4-1.2; Frail and Kulkarni, 1991; Manchester et al., 1991). For
pulsars younger than 3Myr Lyne and Lorimer ( 1994) find the mean transverse pulsar
velocity to be 345 km/s with arms scatter about the mean of 499 km/s. These val-
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ues suggest that the two high energy models for G74.9+1.2 give unreasonably high
values for the required pulsar velocity, and that only alow energy SN can describe
the observed morphology of G74.9+l.2 (within the constraints and assumptions of
the model).
In conclusion, we find that the available evidence points to alow value of energy
for the SN explosion. The basis of this conclusion is the derived age of the SNR
based on its interaction with the adjacent HI shell.
It should be noted that these conclusions are rather insensitive to the choice of
the outer boundary of G74.9+1.2. If the location of the outer boundary of the SNR
is made 30% larger, the age of the SNR increases by afactor of 1.9, and the derived
pulsar velocity is reduced by the same factor. Even with this reduction only the low
energy (
E

=

3x 1O

ergs) SN model gives areasonable value for the derived pulsar

velocity.
One other possibility is that the morphology of G74.9+1.2 is the result of apulsar
catching up to, and re-energizing, the supernova shell formed in the SN explosion
which created the pulsar (i.e. the G74.9+1.2 is an "interacting composite" SNR).
It is difficult to say much quantitatively about this hypothesis.

Presumably the

pulsar would have to be traveling from the northwest to the southeast to result in
the "kidney" morphology seen in the SNR, in amanner akin to the wake of aboat;
the centre of the SNR shell would thus lie to the northwest. For the pulsar to catch
up with the SNR shell the shell must have been significantly decelerated, and thus
the SNR must both be have interacted with the ISM and be evolved; the fact that
no emission is seen from the SNR shell suggests then that it has evolved well into
the radiative phase and possibly the dissipative. If this is the case then significant
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amounts of ISM must have been swept-up by the blast wave, ionized, and have
recombined into adense shell (as seen, e.g., in W44; Koo and Heiles, 1995). The fact
that no HI shell having acentre of curvature to the northwest is seen argues against
the presence of aSNR shell, and against G74.9+1.2 being an interacting composite
SNR.
Alternatively, if G74.9+1.2 is an interacting composite SNR, the pulsar may be
moving from the southeast to the northwest; in this scenario the plateau emission
would be from the Shell SNR created at the same time as the pulsar which is powering
the emission from G74.9+1.2.

In this scenario the pulsar was created at the SN

explosion center, roughly 0.75° from the present position of G74.9+1.2; this implies
that the pulsar has traveled

'

160 pc since its creation (Note that the implied linear

size of the SNR associated with the plateau emission is significantly larger than the
largest known Galactic SNRs, e.g.

100 pc for 0A184; Green, 1995). If the pulsar

traveled at 1000 km/s since its creation, it would take

160, 000 years to reach its

present position.
Assuming that the original SNe had an energy of

1051

the Shell SNR expanded into an ambient ISM of 0.15 cm

ergs, and assuming that
3,
the

age of the SNR, t,

is related to the pulsar velocity in units of 100 km/s, V100 ,by
t= 1.2><

years

(3.1)

t= 5.5 x 10 1V1001. 43 years

(3.2)

1O6V1/3
00

if the SNR is still in the Sedov phase, and

if it is in the radiative phase (Shull et al., 1989). For a velocity of 1000 km/s as
above, this suggests that the SNR. is between 20,000 years (radiative phase) and
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25,000 (Sedov phase) old. Inverting the relationships to solve for density assuming
an age of 160,000 years requires that the density of the ISM lie between 0.0007 cm -1
and iO

CM - 3 years

old (assuming Sedov and radiative phases, respectively).

The model could be made consistent could also be achieved by assuming the
density is 0.15 cm

3,and

solving for the pulsar velocity; this results in velocities

of 65 km/s (Sedov) and 8 km/s (radiative), but at the cost of increasing the age
of the SNR to 2 million (Sedov) and 20 million (radiative) years. These ages are
sufficiently large that no radio emission from the SNR would be likely, even if the
HI void created by the SNR still existed. Consistant ages with reasonable pulsar
velocities can be deduced, but only at the expense of extremely low ISM densities.
The low densities imply that the ISM has been swept up by previous stellar winds
(discussed in Chapter 6), but the prescence of massive stars suggests that the plateau
emission is more likely powered by these starsr; this model is in keeping with the
thermal spectral index (a = 0.2 ± 0.4) of the plateau emission. As such, there is no
compelling evidence that G74.9+1.2 is an interacting composite SNR.
It thus appears that a number of consistencies exist in this scenario.

Using

the ISM densities suggested by the HI data results in inconsistent SNR ages, and
consistent ages can only be derived if the SNR age is

3.5

Conclusion

We have presented the results of a radio continuum and HI line investigation into
the environment of the FC SNR G74.9+1.2. We find that the SNR lies adjacent to
the inner boundary of an HI shell defining an expanding bubble in the interstellar HI
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distribution. We propose that the SNR is interacting with this expanding HI shell,
resulting in its peculiar morphology. A simple model of the SNR, incorporating freely
expanding ejecta moving into the interior of the bubble while the ejecta interacting
with the HI shell move as in a Sedov expansion, supports this theory, and requires
that the SN explosion imparts much less than the standard i0 5'ergs of energy to
the ISM.

Chapter 4
The Interstellar Environment of G63.7+1.1

The object G63.7+1.1 has been tentatively classified as a FC SNR on the basis of
its morphology, non-thermal radio spectrum, and low ratio of infrared to radio flux
density (Taylor et al., 1992).

In this chapter we present the results of a multi-

wavelength investigation of G63.7+1.1 and the surrounding interstellar medium. We
confirm that the object is afilled- centre supernova remnant. HI, and possibly ' 2C0
and high resolution IRAS, data indicate that G63.7+1.1 is interacting directly with
the ISM. The association between the SNR and a HI feature centered at 25 km/s
gives G63.7+1.1 akinematic distance of 3.8 kpc.

4.1

Introduction

Most data regarding the ISM around SNRs result from targeted observations of
specific objects. Objects are often chosen for targeted observations based upon the
presence of some indirect indication of an interaction. One such indication is the
presence of JR emission coincident with the position of the SNR, which can signal
the existence of shock-heated dust. Approximately 30% of SNRs have associated JR
emission (Arendt, 1989; Saken, Fesen and Shull, 1992); G63.7+1.1, first identified as
aFC SNR by Taylor et al. ( 1992), is one such object.
The implied interaction between the ISM and the SNR makes G63.7+1.1 an
obvious candidate for this study. Data from anumber of observations were compiled
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to investigate the possible interaction in more depth. The data include information
at radio continuum and line frequencies, as well as Far-Infrared and X-ray data. The
observations and results are presented in this chapter.

4.2

Observations

In light of the large amount of data to be discussed we will discuss each set of
observations separately.

4.2.1

WSRT 1.39 GHz Observations

The radio continuum data of Taylor et al. ( 1992) has resolution on the order of
1', while the object also falls within the field observed by Landecker et al. ( 1990),
which has a similar resolution. The SNR itself is

8' in diameter; the object is

thus poorly resolved in the data of these authors. A deeper understanding of this
objects requires higher resolution morphological information, information which was
obtained using the Westerbork Synthesis Radio Telescope (WSRT) at awavelength
of 20

cm.

Detail on the WSRT can be found in Appendix. 1.

The WSRT observations were conducted on December 13th, 1993 and consist of a
single 12 hour integration centered at afrequency of 1390 MHz. The total bandwidth
of 80 MHz was split into 8separate bands, each 10 MHz wide. Interference rendered
only the central 6bands usable. The data were initially calibrated and reduced at
the WSRT; the remainder of the reduction was conducted by the author using the
image processing system AlPS. The data were self-calibrated in both amplitude and
phase using only the longest baselines.

Some errors, manifested as radial stripes
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centered on the brightest sources, remain in the data. The sidelobes of the pointsource response were removed using the standard CLEAN deconvolution algorithm.
Each frequency band was processed separately and the resulting maps were averaged
as the final step. The resulting maps have a resolution of 13" x 26", and the rms
map deviation in an emission free area of the final map is 0.05 mJy/beam.
The shortest baseline in the WSRT data is 36 m; smooth structures larger than
20' will not be well represented in our data.

4.2.2

CfA CO Observations

A single pointing of the Center for Astrophysics ( CfA) 1.2m CO telescope was
made towards G63.7+1.1 to look for molecular material associated with the IR
emission noted by Taylor et al. ( 1992). The pointing was made towards (
1,b)

=

(63 0.75,+1 0.125), in the southern portion of the SNR where the IR emission is
strongest.

The CfA telescope has a beam of 8.'7 at 115 GHz (the frequency of

the 1-0 "CO line) which is well matched in size to the remnant. The observation
was centered at

VLSR =

—50 km/s with 512 channels spaced every 0.65 km/s. The

observations were frequency switched by 10 MHz to remove continuum emission from
the data. Six spectra, each of 30s duration, were observed and averaged to increase
the SIN.

4.2.3

FCRAO CO Observations

On the basis of a detection of CO using the CfA telescope (section 4.3.4), higher
resolution " CO observations were made with the Five Colleges Radio Astronomy
Observatory (FCRAO), centred near the velocities of the CO emission detected in the
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CfA data. Three sets of data were obtained, two in 1993 and one in 1994. Details of
these observations can be found in Table 4.1. The background emission was removed
by subtracting aspectrum from anearby, line-free, position on the sky (RA(1950)=
19 145m55s ) 6(1950)

=

28°30'OO").

The FCRAO telescope simultaneously returns

data at both 1/4 and 1MHz channel spacing. The limited velocity coverage of the
1/4 MHz data in dataset A shows no emission, but the larger velocity coverage of
the 1MHz band shows emission at roughly 10 km/s. Higher velocity information
was obtained by asecond observation centered at

4.2.4

VLSR

=

10 km/s.

DRAO HI Line Observations

The HI line data were obtained from DRAO observations made in 1987. The 21.
and 74 cm continuum data have been published in Landecker et al. ( 1990). The HI
line data is presently unpublished. Relevant details for the HI data are recorded in
Table 4.2. For more information on the observation see Landecker et al. ( 1990).
The region of interest falls near the edge of the field. While the r.m.s. noise at
map centre is 0.9 K, the primary beam correction raises it to 3.6 K for the region
around 063.7+1.1.

4.2.5

IRAS data

The infrared data presented here were collected by the Infrared Astronomical Satellite (IRAS; Beichman et al., 1988; Appendix 1) and processed at the Infrared Processing and Analysis Center (IPAC). The HIRES data are produced using an iterative
procedure based on the Maximum Correlation Method (Aumann et al. 1990). While
this procedure can produce images having resolution better than nominal for IRAS,
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Table 4.1: Summary of FCRAO " CO Observations Towards G63.7+1.1
Dataset "A"
Field Centre
Field Size
Beam Spacing
Central Velocity
Number of Channels
Channel Separation
On source time
Dataset "B"
Field Centre
Field Size
Beam Spacing
Central Velocity
Number of Channels
Channel Separation
On source time
Dataset " C"
Field Centre
Field Size
Beam Spacing
Central Velocity
Number of Channels
Channel Separation
On source time

RA(1950)

19h14555

Dec(1950)
RA x Dec

27°36'30"
20.'9 x 20.0'
25.11"
20 km/s
32
2.60 km/s
60s

RA(1950)
Dec(1950)
RA >< Dec

RA(1950)
Dec(1950)
RA x Dec

19h45/55

27°36'30"
20.'9 x 20.'O
50.22"
10 km/s
32
0.65 km/s
15s

19h45155

27°36'30"
12.'5 x 15.'l
50.22"
10 km/s
512
0.20 km/s
15s
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Table 4.2: DRAO HI Observations Towards G63.7+1.1
Field Centre
Synthesized Beam (obs)
Smoothed Resolution
Central Velocity
Channel Separation
Polarization

RA(1950)
Dec(1950)
RAxDec
RAxDec

19 144m17.2s
28 034'59"
1,'O x2.'l
2.'l x2.'l
—24.7 km/s

1.65 km/s
RHCP

it has some drawbacks. First, the HIRES processing can drastically increase map
artefacts such as striping; these artefacts become more prominent as the number of
iterations ( and the resolution) increases. Second, the fluxes in the resulting maps
are accurate to only about 25%, due largely to difficulty in determining the background level for the region of interest; this difficulty increases for regions, such as
that presented here, which are close to the Galactic plane.
The 100m data have the poorest resolution of the four bands. In order to reduce
the effects of striping in the higher resolution data, and to make the data more
comparable, the shorter wavelength data used, here were chosen to have resolution
similar to the 1O0/.m data.

4.2.6

ROSAT Observations

The Röntgen Satellite (ROSAT; Appendix 1) PSPC observations were conducted
over three days with atotal of 6718 sof on-source time. The data were reduced in
the normal manner at the US ROSAT Science Data Center. Upon receipt of the data
each map was gridded to 15" intervals and exposure corrected by dividing the data
by the exposure map (to account for obscuration due to struts and the reduction of

92
telescope sensitivity away from the pointing centre). All spectral channels (0.1 to 2.48
keV energy) were used for this analysis. The three data sets were averaged, weighted
according to their exposure times, to produce the final map. The final map, having
a resolution of 0.5', has a background signal at map centre of 0.8 x 10
and arms variation of 0.2 x i0

counts/s

counts/s. A greyscale map of this data is presented

in Figure 4.3, with contours from the WSRT radio continuum data superposed for
comparison. The slight brightening near the centre of the SNR is at 3a above the
background. This may be taken as an indication of possible X-ray emission from
G63.7+1.1, but further observations are required for confirmation. There is apoint
source to the south of the remnant, thought to be unrelated, having acount rate of
3.1 x io

4.3
4.3.1

counts/s.

Results
The WSRT 20 cm Data

A contour map of the final image of G63.7+1.1 is presented in Figure 4.1. G63.7+1.1
is the large extended source in the middle of the field; the bright source in the extreme
south-west of the figure is presumably an unrelated extragalactic source.
G63.7+1.1 is made of two parts, abright resolved central "core" which sits upon a
fainter emission "plateau." The brightness of the plateau drops precipitously around
much of the circumference of the object, with ashallower gradient in the south-east.
A faint "tail" of emission emerges radially from the centre of the south-east region
of the object, pointing in the direction of a nearby compact source.

This source

is unlikely an extension of the "tail" since the negative artefacts from the nearby
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Figure 4.1: Final 20 cm WSRT map
Note the two compact sources to the north and SE of the remnant. Note also the artefacts
emanating radially from the bright compact source to the SW. The resolution of the data
is indicated by the shaded oval in the bottom left corner of the plot. Dashed lines denote
regions of negative background.
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Table 4.3: Measured Radio Flux Densities for G63.7+1.1
Frequency

Flux Density

Uncertainty

4850
2695

0.96

0.02

1.41

0.1

1420

1.71

0.02

1390

1.63

0.06

408

2.1

0.2

327

1.47

0.04

compact source are at too low alevel to be responsible for the "gap." However, the
compact source is resolved and has aposition- angle similar to that of the tail.
A "notch" in the emission from G63.7+1.1 appears in the north of the SNR, near
another nearby source which appears slightly spatially resolved in our data. This
notch is seen as an slight bay in the contours immediately to the south of the compact
source. With the available data it is impossible to state definitively whether either
of these nearby compact sources is associated with G63.7+1.1.
The integrated flux density of G63.7+1.1 is 1.63 ± 0.06 Jy at 1.39 GHz. This
value was determined as outlined in previous chapters. The uncertainty is strictly
internal, and does not include any possible systematic effects.
Previous observations of the object were made at lower resolutions. This resulted
in the inclusion of flux from the two nearby compact sources near in the measured
flux densities. If these sources are included in our measurements the total integrated
flux density is 1.76±0.01 Jy, consistent with previous data. A number of flux density
values at other frequencies are listed on Table 4.3 and Figure 4.2. The 327 MHz point
results from an integration using the reprocessed WSRT survey data (Taylor et al.,
1996), but is at some variance with the original flux density value of 2.39 ± 0.06 Jy
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2

1
1000
Frequency ( MHz)
Figure 4.2: Flux density values for G63.7+1.1
Fluxes, with their uncertainties, are plotted as a function of observing frequency on a
logarithmic plot. A source with aconstant spectral index will result in all fluxes lying on
astraight line
found by Taylor et al. ( 1992). This value is discussed in more depth below.
Combining our data with the flux density measurements listed in Table 4.3, with
the exception of the 327 MHz flux density value, we calculate a spectral index (a,
S cc

Va)

of a = —0.44 ± 0.05. This estimate is heavily influenced by the 4850 MHz

value, which falls below the trend of the other points. This may be the result of a
poor flux density measurement, or be indicative of ahigh frequency turnover between

DECLINATION ( J2000

96

19h 48m 48s

24s

19h 48m OOs

12s

36 s

RIGHT ASCENSION ( J2000)
Figure 4.3: Final ROSAT map
The final ROSAT PSPC data is presented in greyscale, with WSRT radio contours superposed. The source to the north of G63.7+1.1 is approximately 40a

in

strength while the

source to the south is approximately 17a. There is no evidence of strong X-ray emission
at the position of G63.7+1.1.
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2695 and 4850 MHz. If the data point at 4850 MHz is also ignored aspectral index
of a = —0.21 + 0.02 is found, considerably flatter than above and more in keeping
with the spectral index range expected for FC SNRs.

Note that the flux density

value for G63.7+1.1 given in Taylor et al. ( 1992) lies on the trend defined by the
higher frequency points; extrapolating those points to 327 MHz suggests that the
flux density at that frequency should be 2.3 Jy, similar to that measured by Taylor
et al. ( 1992).
These spectral indices demonstrate that the emission from G63.7+1.1 is nonthermal in nature (i.e. probably synchrotron emission), a conclusion confirmed by
the detection of polarization reported below. The two nearby compact sources are
probably extragalactic, with steep negative spectral indices, and the actual spectral
index may be marginally flatter than that calculated here.
It is interesting to speculate about the 327 MHz flux density value. Assuming
that it is an accurate value, it would appear to suggest that the flux from G63.7+1.1
is attenuated at low frequencies, presumably due to free-free absorption by free
electrons either along the line of sight to the SNR or within the SNR itself. Such
attenuation will result in alow frequency spectral index of a = +2.1; fitting such a
spectrum to the 327 MHz point, and comparing it with the, flatter, high-frequency
spectrum, suggests that the radio spectrum undergoes a turnover at

500 MHz,

suggesting that the 408 MHz flux density measurement has also been affected by the
free-free absorption. A spectral turnover at 500 MHz would then suggest that the
optical depth, r, is

r

1 at this frequency. Kassim ( 1989) notes that the free-free

optical depth is related to the electron number density of the intervening material,
n, its temperature, Te,the distance to the SNR in parsecs, L, and the observing
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frequency in MHz,

ii,

by

= 1.643 x 10 5a(T, v)v2'T'35
where a(T,

ii)

is the Gaunt factor,

fL

ndl

(4.1)

6in this case.

Inverting this equation to solve for n, and assuming T = 8000 K and the distance
to the SNR is 3.8 kpc ( Section 4.3.3), results in an average ISM electron density
towards the SNR of

'-

2cm

3.For

Te = 3000 this number is lowered to

r'J

1cm

3.

Either number would require that the warm ionized medium towards G63.7+1.1 be
dense; Kassim ( 1989) notes that values of 0.1 cm -3 are more in keeping with what
is expected in the WIM (from observations of diffuse Ha emission). The derived
electron number density is simply an upper limit; the turnover in the spectrum
is noticeable before r = 1 is reached, and thus the the true turnover frequency
is probably significantly lower than 500 MHz; a turnover at 100 MHz reduces the
required electron density to

0.3 cm -3 at T = 8000 K or

0.1

CM - 3 at

T = 3000 K.

If, instead, the free electrons are mixed in with the SNR material, the maximum
path length would be 8.8 Pc (Section 4.3.3), This would then imply that the density of
thermal electrons within the SNR is

100 cm -3.If these electrons are not uniformly

distributed within the SNR the absorption may result in spectral index variations
across the SNR at low frequencies.
Figure 4.4 presents vectors corresponding to the linearly polarized emission from
G63.7+1.1 superposed upon contours of the total intensity data. The average level
of polarization across the object is 7%, while the maximum is 16%. The B-field is
primarily circumferential across the remnant. A polarization map at 10 GHz (Reich, private communication) exhibits apurely radial B-field, suggesting considerable
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Figure 4.4: 20cm polarization of G63.7+1.1
The lines denoting polarized electric field intensity and position angle are superposed upon
the contours from the total intensity data. The position angle of the lines denotes the
direction of the electric field vectors, while their length is proportional to the linearly
polarized intensity.
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Table 4.4: IRAS Data for G63.7+1.1

Resolution (RA x Dec)
Iterations

Color Corrected Fluxes (
Jy)

12p

25p

13Op

loop

2.5' x 1.0'

1.6' x 0.5'

2.75' x 1.1'

2.8' x 2'

1
5.7 ± 1.0

5
6.3 ± 1.2

5
28.8 ± 2.5

20

105 ± 33

Faraday rotation between 10 and 1.4 GHz.
The 1.4 GHz polarization structure of the core differs from that of the fainter
surrounding plateau. While the B-field of the plateau is primarily circumferential
(at right angles to the shown E-field vectors), the B-field of the core runs along the
core emission which lies along the axis of symmetry of the SNR. Possible explanations
for this differing polarization will be discussed in Section 4.4.3.
The southern portion of the remnant is less polarized compared to the northern
portion of the remnant. This could be the result of depolarization in ionized material,
either between the observer and the SNR, or within the SNR itself.

4.3.2

The ERAS data

The HIRES IRAS data is presented in Fig. 4.5.

At 12 and 25 pm the emission

within the SNR is concentrated near the radio peak in the centre of the SNR. At 60
and 100 pm the emission lies predominately to the south and east of the peak. The
emission from these two areas is not spatially distinct enough to obtain independent
fluxes in each band. Some compact emission lies to the west of the remnant at 60
and 100pm; at 60 pm this emission appears connected with IR emission to the east
of the plateau via afainter "bridge" of emission. This bridge may not be real as it
lies on astripe artefact.

101

19" 46" 00'

19" 45' 36'

19" 46" 00'

RIGHT ASCENSION ( B1950)

19" 45' 36'

RIGHT ASCENSION ( 131950)

27 ° 42'

27 ° 42

0

u)
0)

z
9
F-

27 ° 36'

z
-J
0
LU

a

19" 46' 01)'

19" 45" 36'

RIGHT ASCENSION ( 131950)

19" 46' 00'

19" 45' 36'

RIGHT ASCENSION ( 131950)

Figure 4.5: IR data with radio contours superposed
The upper panels show the 12 and 25i data in greyscale ( left and right respectively) while
the lower show the 60 and 100g.
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The color corrected flux densities are listed in Table 4.4. Assuming a .A'

5

emis-

sivity law, color temperatures can be calculated from the flux in adjacent bands
(Section 1.1.4). The resulting color temperatures are T12725
and T601100

=

=

27 K with uncertainties on the order of 30%.

183 K, T25760

=

62 K,

This wide variation

in the color temperatures is seen in "old" SNRs (Saken, Fesen and Shull, 1992;
Arendt, 1989), where the typical "old" SNR has T12 1
25
T607100

=

150 K, T25160

60 K, and

=

30 K. In this respect G63.7+1.1 has the properties of an older object, as

=

younger SNRs tend to have spectra which are reasonably well fit by asingle temperature,

90 K (Arendt, 1989). This interpretation is based on astatistical study of

all IRAS-detected SNRs, however, and may not be strictly applicable to FC SNRs.
The 60m/100m temperatures for the few FC SNRs that were detected by IRAS
range from 25 to 50 K. Thus, the values for G63.7+1.1 are not markedly dissimilar,
although the sample of IR emitting FC SNRs is very small and disparate.
Converting the flux density at 60/um to adust mass gives MD

2M 0 .Using a

dust to gas mass ratio of 133 results in atotal mass of gas in the emitting region of
266 M 0 .

4.3.3

The DRAO HI Data

In Fig. 4.6 we present the HI data for the region around G63.7+1.1 for the velocity
range 11 to 47 km/s. The HI data are presented in greyscale, and we have overlaid
contours corresponding to our radio continuum data for comparison.

A constant

background has been subtracted from each channel. The original resolution has been
degraded to a 2.1' circular beam to decrease the noise somewhat.

The presented

data are the averages of adjacent velocity maps and are separated in velocity by
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Figure 4.6: The DRAO HI data for G63.7+1.1
The HI data is presented in greyscale. The greyscale ranges from 30 K below the background ( white) to 25 K above ( black).
continuum image.

Overlaid are contours of the DR,AO 1.4 GHz
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Figure 4.6: continued
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3.3 km/s.
There is no HI emission, above the local background, at the extremes of the
velocity range shown.

Emission at the edges of G63.7+1.1 is seen in the central

velocity maps however. The material appears initially in the north-east at avelocity
of 37 km/s and moves to the northwest, then back to the northeast where the emission
disappears at avelocity of 14 km/s. The central velocity of the associated emission is
25.5 km/s. An image of the average of the HI emission over the velocity range 14 to
37 km/s is presented in Figure 4.7. The HI traces the upper boundary of G63.7+1.1
quite well. The brightest HI to the northeast run parallel to the edge of the SNR, as
does much of the emission to the northwest (although some of the brightest emission
is well separated from the remnant, faint emission above background lies adjacent
to the SNR edge); the separation between the SNR edge and the HI emission is not
resolved in the present data. The apparent correlation between the HI emission and
the steep intensity gradient region suggests that the emission is physically associated
with G63.7+1.1.
The large velocity width of the feature can be explained by an expansion (or
contraction) of the feature; if the feature is expanding uniformly at 12 km/s then
the emission from material moving directly towards the observer will be blue-shifted
12 km/s from the central (systemic) velocity of the feature, while the emission from
material receding from the observer will be red-shifted by the same amount. Emission
from material which is moving at some angle to the line of sight connecting the
observer and the feature will be doppler shifted by an amount between these two
extremes. As such, emission from an expanding (or contacting) feature can be seen
over avelocity range much larger than would be implied from its linear size and the
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galactic rotation (velocity-distance) curve.
The central velocity of the HI feature lies at, or slightly beyond, the tangent
point of the galactic rotation curve.

If G63.7+1.1 lies at the tangent point, and

assuming R0 = 8.5 kpc and V0 = 220 km/s, this places G63.7+1.1 at a distance of
3.8 kpc. At this distance G63.7+1.1 has alinear diameter of 8.8 pc and aluminosity
of 4.3 x 10_21 W Hz -1.
The average brightness temperature of HI ( above background) is TB
The average column density of the HI, nH1
=

=

4.4 x 1019 cm

=

2.9±0.7 K.

3,implies

a mass of

51 1V1 0 .The uncertainty in these numbers is approximately 30%, due largely

to the uncertainty in the brightness temperature. Using this mass and assuming an
expansion velocity of 11,5 km/s (half the velocity width of the feature) the kinetic
energy in the HI is 7 x 10 46 ergs.

This energy is well below both that generally

assumed to be released in supernova explosions

(1051

ergs), and that seen in the

Crab Nebula's optical filaments ( 3x 10 49 ergs).
Assuming that the HI was evenly distributed in asphere 4.4 Pc 111 radius (approximately the distance from the centre of the SNR to the outer edge of the HI shell)
before being swept into ashell, the pre-swept HI particle density was

4.3.4

n HJ

0.8

crn

3

.

The Cf'A CO Data

The CfA " CO spectrum is presented in Fig. 4.8. The rms variation in brightness
temperature in the final spectrum is 0.1 K. A sharp peak of strength
found at

11 km/s, and asecond, broader and weaker peak of strength

is found near

0.65 K is
0.35 K,

23 km/s. The velocity of the second peak is similar to the central

velocity of the HI associated with the remnant. The value of this data is limited by
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Figure 4.7: Average HI data
The average HI emission ( greyscale) over the velocities 14 to 37 km/s; overlaid are the
contours from the WSRT 21cm data. The HI is strongest around the northern portion of
the SNR. The resolution of the DRAO HI data is 2.1'.
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Figure 4.8: CfA ' 2C0 spectrum
its poor SIN and lack of spatial resolution.

4.3.5

The FCRAO CO Data

The FCRAO CO data are presented Figure 4.9; they cover the velocity range from
approximately — 5 km/s to 24 km/s. Within this velocity range there are several
velocities where CO emission was detected.
• — 4.7 to — 2.1 km/s: This feature consists of a faint arc of CO in the NE
portion of the field ( Clump A in Figure 4.9). It is spatially distinct from the
SNR and does not appear connected to it in any way. This feature will thus
be ignored.
• 8.3 to 13.5 km/s: A "horseshoe" shaped feature, centered near a'

=

19h48'71,

8= 27°38'38" and roughly 8' in diameter ( Clump B in Figure 4.9). The NW
edge of the feature crosses the southern part of G63.7+1.1. The more positive
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portion of the velocity range of this feature overlaps marginally with the more
negative portion of the HI velocity range ( 14 to 37 km/s). Interestingly, agap
in the structure coincides with the position of the continuum "tail" emanating
from the SNR.
• 10.9 to 16.1 km/s: This feature appears to the north-west of the SNR, adjacent to the edge of the SNR ( Clump C in Figure 4.9). HI emission coincident in
position with this clump exists at — 25 km/s. The velocity range of this clump
also overlaps that of the interacting HI. It is not clear if this CO is physically
associated with the SNR.
• 18.7 to 23.9 km/s: CO appears near the bottom of the SNR ( Clump D
in Figure 4.9), adjacent to an HI emission peak at 21.5 km/s and coincident
with infrared emission at 60 and lOOjim. The velocity range of this CO falls
within the velocity range where we see evidence of interaction between the SNR
and the HI. A relative HI emission peak, coincident in position with this CO,
appears at 30.5 km/s.
• 21.3 to 26.5 km/s: Emission in the extreme South-East of the observed field
(Clump E in Figure 4.9). Once again there does not seem to be any evidence of
linkage between this CO and G63.7+1.1 and there will be no further discussion
of this feature.
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Figure 4.9: FCRAO Co

images

The FCRAO Co data is presented in greyscale, with contours of the WSRT continuum
image

overlaid for reference. Clump A is seen in the North-East

"horseshoe," to the South- East of the SNR,
in

that same

image.

seen in

in ( a).

Clump B is the

(
b) while Clump C is seen to the West

Clump D is near the centre of ( c) and ( d) while Clump E is in the far

South-East in these images.
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4.4
4.4.1

Discussion
Is

G63.7+1.1

a FC SNR?

As mentioned in Chapter 1the criteria for identification of a FC SNR are the following:
• A centrally brightened radio morphology
• The lack of alimb brightened shell
• A flat, non-thermal, radio-spectral index.
G63.7+1.1 exhibits all of these characteristics.

From Figure 4.1 it is clear that

G63.7+1.1 shows acentrally brightened radio morphology. The lack of alimb brightened shell, implicit in Fig. 4.1, is demonstrated more clearly in Figure 4.10 (discussed
in more detail later). The emission from G63.7+1.1 can be separated into two components, abright core and afainter plateau; this morphology is common among FC
SNRs, with G76.9+1.0 (Landecker et al., 1993), G21.5-0.9 (Becker and Szyrnkowiak,
1981), and G18.9+1.1 (Fflrst et al., 1989) being similar. Both the spectral index and
polarized nature of the emission, discussed in Section 4.3.1, indicate anon-thermal
emission process (assumed to be synchrotron emission). Other indicators of a FC
SNR include alow IR-Radio flux ratio, high polarization, and the presence of apulsar ( although pulsar/SNR associations are rare, even for FC SNRs). No pulsar has
yet been found in G63.7+1.1. The average percentage polarization of 7% is alower
limit, as depolarization increases with decreasing frequency, and thus is indicative
of a high level of intrinsic polarization, common among FC SNRs. This tends to
support the classification of G63.7+1.1 as aFC SNR. Finally, the ratio of 60gm to
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Figure 4.10: Intensity Slices through G63.7+1.1
Two intensity slices through G63.7+1.1. The one on the left is from a sector centered
on the southern portion of the remnant, while the one on the right is from the western
portion. Notice how the intensity reaches aplateau in the right hand image.
1.4 GHz radio continuum flux density of 18 is much lower than the 100+ typical of
Hil regions.
In summary, the evidence points towards G63.7+1.1 being aFC SNR, confirming
the conclusion of Taylor et al. ( 1992).

4.4.2

Interaction with ISM

The morphology of this SNR is in many ways unique. The steep intensity gradient at the edge of the northern section of the remnant, coupled with the presence
and morphology of the HI in that region, compared to the shallow gradient to the
south, suggests an interaction between the SNR and its surrounding ISM. An obvious inference is that the expansion of the SNR to the north is being impeded by the
HI.
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We can investigate the possible interaction by taking amore detailed look at the
morphology of G63.7+1.1. To better illustrate the sharp intensity gradient, the SNR
was divided into 12 pie-shaped sectors, each
for each section was derived.

300

wide, and an average radial profile

The origin for each sector is the centre of a circle

fit to the northern portion of the SNR. In Figure 4.10 we show two such average
intensity profiles through the SNR. The first sector (the shallow profile) is centered
to the south of the SNR (at 6o'clock), while the steeper profile is from the wedge
centered to the west (at 3o'clock in the maps) and is typical of the profiles taken
from the northern portion of the SNR. The shallow profile declines smoothly to zero
and is essentially featureless. The sharper profile initially drops dramatically, and
then flattns until the brightness drops precipitously to zero. The region over which
the brightness drops to zero is spatially unresolved in our data. The difference in
distance, from assumed SNR centre, at which the two profiles reach zero reflects the
asymmetric morphology of the SNR.
Assuming optically thin emission, the brightness distribution within the remnant
is a function of the volume emissivity distribution and the observed path-length
through the SNR. As the path-length through the SNR presumably decreases towards
the edge of the SNR a uniform or radially decreasing emissivity would result in
the brightness decreasing towards the edge. Since the brightness remains roughly
constant across the plateau, an emissivity which increases with radius is expected.
We can explore the emissivity quantitatively by deconvolving the 2-D brightness
distribution with the assumed 3-D shape of the SNR. (Leahy and Volk, 1994; Leahy,
1991). For this purpose we have used aprogram kindly provided by D. Leahy, and
present the results in Figure 4.12. In the analysis the SNR was assumed to be axially
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Figure 4.11: Schematic representation of emissivity model
The emissivity model described in the text assumes an axially symmetric emissivity distribution oriented at some angle to the line of sight. The observed brightness at any point
on time sky is then an integral of the emissivity distribution along the line of sight through
the SNR.
symmetric with the axis of symmetry inclined at some angle to our line of sight
(Figure 4.11); this is a reasonable assumption, based
of the contimium emission.

upon

the bilateral svnimetry

In addition, the radio emission from the remnant is

assumed to be optically thin as is generally expected to be the case with SNRs; at
any point the observed ])rightness is then the integral of the emissivity along the

line of sight through the SNR ( Figure 4.11).

The emissivity profile is calculated

based upon an input radial intensity profile; this radial intensity profile samples the
emissivity at all distances from the SNR center.

As a result it becomes possible,
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Figure 4.12: Two emissivity profiles for G63.7+1.1.
The emissivity profiles derived from the intensity slices presented in the previous figures.
Notice the secondary peak at
30 pixels in the right-hand figure.
assuming axial symmetry, to deduce the 3-D emissivity distribution from the 2-D
brightness distribution.
The 12 average intensity profiles discussed above were used as inputs for the
analysis. The emissivity profiles resulting from the intensity profiles of Figure 4.10
are presented in Figure 4.12. The emissivity profile for the southern wedge shows an
initial peak at or near the centre of the SNR, followed by aslow monotonic decline
towards the edge of the SNR. The profile for the western wedge also shows the central
emissivity peak, but with an additional emissivity peak near the edge of the SNR.
Most of the other emissivity profiles (not shown) also exhibit this peak in emissivity
towards the edge of the SNR, although to smaller extents.
The intensity of radio emission from many astronomical objects (SNRs in particular) is observed to follow apower law function. As aresult, it is generally assumed
that the synchrotron emission arises from a power-law particle energy distribution
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of the form N(E)

=

N0E' (
where E is the electron energy, N(E) the number of

electrons with that energy, and N0 and 'yconstants) (Pacholczyk, 1970). Assuming
aparticle energy distribution of this form, the volume emission coefficient (€,) is

€1)

=

f() IV" v'

1/
2(B

sin O)h/ 2

(
4.2)

(Pacholczyk, 1970) where 0is the pitch angle of the electrons, B the magnetic field
intensity, and

f('y)

is a complicated function of

y.

The volume emissivity may

thus increase in anumber of ways. For example, the blast wave resulting from the
interaction between the SNR and the ISM may increase the magnetic field at the
edge of the remnant by compressing the ambient magnetic field. Since the emissivity
increase at the edge of the remnant (west over east) is simply afactor of two, and a
strong shock is expected to increase the density (and the magnetic field, assuming the
magnetic field is frozen into the ISM) behind the shock by afactor of four (Spitzer,
1978), the required amplification is easily achievable.
On the other hand, the implied interaction between the SNR and the HI surrounding it to the north suggests that G63.7+1.1 is not surrounded by afast moving
halo of ejecta (which would presumably sweep up ISM, leaving the visible nebula
nothing to interact with). The visible nebula is then presumably bounded by athin
shell of slow moving SN ejecta. The ejecta drives ablast wave into the surrounding
ISM and the interaction between the ISM and the blast wave may produce relativistic particles near the shock. This could result in increased numbers of emitting
particles ( additional to the particles produced at the pulsar, N0 in Equation 4.1),
at the outer boundary of the visible nebula, increasing the emissivity. The power
index of the particle energy distribution,

'
y,

is different for particles produced by
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the pulsar and for those produced by the interaction with the ISM (for the pulsar
accelerated particles

'
y

1.4, for the shock accelerated particles, 'y

2), suggesting

that observations at other frequencies would allow an investigation of this subject.
Should the radio spectrum of the steep gradient region be on the order of — 0.5 the
argument for shock acceleration at the ISM/ejecta interface would be strengthened.
As this would mean that, at some frequency, emission from particles accelerated at
the edge of the remnant would become significant (and thus the SNR would exhibit
some amount of limbbrightening), it would also result in G63.7+1.1 being classified
as acomposite remnant.
The conclusion that the SNR is interacting with the ISM around it may be
supported by the FIR and CO observations.

The positional coincidence between

the FIR emission and the molecular material in Clump D (Figure 4.13) suggests
that the two may be physically linked. The FIR emission is consistent with dust
heated by aSNR shock ( Shull et al., 1992; Arendt, 1990), and as dust is associated
with molecular material (Section 1.1.4) this suggests that the SNR may also have
interacted with the molecular material. Clump D lies in the velocity range where
an interaction between the SNR and its surrounding HI is observed, suggesting that
the CO lies at the same distance as the HI.
The FIR emission may not, of course, be physically associated with the molecular
material; the observed FIR emission is the integral of all emission along the line of
sight and thus gives no information on its place of origin in the third dimension.
However, if the FIR emission is aresult of ashock interacting with the molecular
some evidence of the interaction may exist in the CO data. As a result, the high
velocity resolution CO data (FCRAO dataset "C") was analyzed in asearch for cvi-
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Figure 4.13: Comparison of IR emission and CO clump " D"
Contours of the intensity of CO Clump D are overlaid on the HIRES IR maps. The 12
and 25z images are the top two, while the 60 and 100tin are the

bottom

(
left to right

respectively). The CO clump near the middle of the field coincides in position with time
brightest IR emission.
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dence of interaction, e.g. an asymmetric velocity spectrum; the high sensitivity CO
datasets (FCRAO datasets A and B) have poor velocity resolution for this purpose.
The velocity spectrum was obtained by first defining anumber of polygons around
the position of Clump D in the high-sensitivity CO data (FCRAO Dataset "A");
this dataset was chosen to define the polygons as the high signal-to-noise permits
accurate definition of the clump. These polygons were then used to integrate the flux
from individual channel maps in the high velocity resolution data. Adjacent velocity
channels in this data were averaged to increase the SIN. The flux values determined
using the various polygons for each channel were averaged, and the standard deviation taken as the uncertainty in the integrated value.

The resulting spectrum

is shown in Figure 4.14. There appears to be very little to be gleaned from this
spectrum.
The possibility that the SNR is interacting directly with Clump D is further weakened by the correspondence between the FIR emission and Clump B (the horseshoe).
In Figure 4.15 the morphology of the CO and FIR emission are very similar, suggesting that the IR

emission

may be related to Clump B instead of Clump D. This

may indicate that the SNR is interacting with Clump B, but the velocity range of
Clump B only marginally overlaps with the velocity span of the interacting HI. As
such there is little direct evidence for interaction between the SNR and the molecular
material around it.
Despite the ambiguity in the evidence for interaction between the SNR and the
molecular material, it is clear that the SNR is interacting with ISM, presumably HI,
in its vicinity. This in itself is interesting as it implies that the SNR is not surrounded
by an invisible halo of fast moving ejecta. Such ahalo would presumably sweep-up
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Figure 4.14: High resolution spectrum of Clump D.
Average brightness temperature versus LSR velocity for Clump D. The data is spaced
every 0.4 km/s.
any ISM in its path, leaving G63.7+1.1 to expand into avirtual vacuum. In such a
situation we would not expect the SNR to exhibit the sharp intensity gradients that
we observe at the SNR edge.

4.4.3

Models

There are at least two scenarios which can be put forward to explain the morphology
of G63.7+1.1. One requires afast moving progenitor, while the other requires that
G63.7+1.1 is interacting with both the CO and HI in the area.
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Figure 4.15: Comparison of JR emission and CO clump " B"
Contours of the intensity of CO Clump B are overlaid on the HIRES JR.

maps.

The 12

and 25t images are the top two, while the 60 and lOOJL are the bottom ( left to right
respectively). There is a remarkable correspondence between the JR. and CO emission in
the 60 and 100i images, and to a lesser extent in the 12 and 25jt maps.
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A supersonic Progenitor?
Brighenti and D'Ercole ( 1994; BD) model the results of SN explosions within the
wind blown bubble formed by the SN progenitors. However, BD deal exclusively
with shell-type SNRs and do not consider energy input by acentral pulsar. As such,
we will only attempt aqualitative analysis.
In their computer model BD assume astellar wind in auniform ISM. The windblown bubble is evolved until the end of the progenitor's red supergiant lifetime, just
before the SN explosion. The effect of the progenitor's space motion is to sweep the
stellar wind behind the progenitor, carving out a "tube" in the ISM which trails
the star. The SN is then modeled and evolved through several tens of thousands of
years.
For SNe which occur at the edge of the progenitor's wind blown bubble the
models show that the SNR expands "normally" into the uniform ISM around it,
while expanding quickly into the lower density region created by the precursor wind.
For relatively small progenitor velocities the cavity created by the expanding SNR is
smaller than that created by the precursor wind. For larger progenitor velocities the
situation is reversed, with the roughly spherical SNR adjacent to avaguely conical
region created by the progenitor's wind.
BD publish simulated Ha contour maps for their models.

Their Figure 2(d),

which is in many ways similar to the WSRT image of G63.7+1.1, shows the expected
Ha and X-ray emission from amoving star in atypical density ISM, with asymmetry
axis inclined at an angle of 45° to the line of site. In the direction of motion there
is asharp intensity gradient at the edge of the SNR, while opposite the direction of
motion there is amuch weaker gradient. While certainly not an exact match, enough
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similarity exists to suggest that G63.7+1.1 may be the result of a SN explosion at
the edge of the pre-existing cavity created by the progenitor wind.
Another possibility is that the morphology of G63.7+1.1 is due to the motion
of the pulsar itself. In this situation the supersonically moving pulsar wind would
result in a bow shock in the direction of motion of the pulsar. However, the morphology of G63.7+1.1 is unlike that of abow shock in two ways. First, bow shocks
have a decidedly more conical shape than G63.7+1.1 does (i.e. the outer contour
of G63.7+1.1 should continue to expand outwards, asymptotically approaching a
"V" shape). Such asituation is modeled by Aldcroft, Romani and Cordes ( 1992) to
explain the morphology of the nebula around pulsar 1957+20. Secondly, the steep
intensity gradient of G63.7+1.1 exists around considerably more of the periphery of
the SNR than expected. For example, Van Buren and Mac Low ( 1992) model ultracompact Hil regions with asupersonically moving exciting star. In these models
the regions of steep intensity gradient fall immediately in front of the position of
the 0-star along the stars direction of motion, and quickly becomes less steep as
one moves away from the direction of travel. This is in contrast to the morphology of G63.7+1.1, where the intensity gradient appears constant over much of the
circumference of the SNR.
As the morphology of G63.7+1.1 is not dominated by movement of the SNR/pulsar
system, G63.7+1.1 is unlikely an interacting composite SNR, as discussed in Section 3.4.2, such as CTB8O (Safi-Harb et al. 1995) and G5.4-1.2 (hail & Kulkarni,
1991). Radio continuum images of both these SNRs show clear evidence of the motion of the pulsar in that they both show a bow shock morphology with a steep
intensity gradient in the direction of travel of the pulsar. In addition, there is no
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indication of the associated SNR shell (such as. the radio continuum "wings" seen in
CTB8O), casting further doubt on the idea that G63.7+1.1 is an interacting composite SNR. As aresult we eliminate the possibility of G63.7+1.1 being an interacting
composite SNR.
Explosion at a density interface
The second model suggests that the morphology of G63.7+1.1 results from the interaction between the SNR and the molecular material to the south (the previous model
ignored this material). The situation is similar to that modeled for G74.9+1.2, in
that the SNR is assumed to lie immediately adjacent to an ISM density discontinuity,
where one portion of the SNR expands freely into a low density region, while the
rest is assumed to interact with aregion of higher density which impedes expansion
in that direction. The specifics are, however, somewhat different. For G74.9+1.2 the
low density region is avoid in the ISM, while for G63.7+1.1 it is aregion of "typical"
density HI. The high density region for G63.7+1.1 is amolecular cloud, unlike the
HI shell adjacent to G74.9+1.2.
In this model the SN explosion is assumed to take place at or near the edge of
the molecular cloud to the south-east of the remnant. The explosion of SNe at a
plane-density interface are modeled by Arthur and Falle ( 1991, 1993). These models
do not attempt to model the synchrotron emission from the resulting structure, nor
do they look at the possible contribution from acentral pulsar. For these reasons a
discussion will be limited to aqualitative comparison between the models and the
observed data for G63.7+1.1.
This model is appealing because it can explain
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• the sharp elliptical outer boundary of the northern portion of the remnant,
• the axial ridge of bright emission interior to the SNR,
• the anomalous polarization characteristics of that ridge, and
• the truncated radio continuum emission to the south-east.
In both referenced papers Arthur and Falle present plots of density and pressure
within the SNRs. These plots suggest that the remnant will be roughly elliptical,
with the SNR penetrating further into the lower density region than into the high
density region. The symmetry axis is perpendicular to plane density interface. These
aspects of the model agree with the observed morphology of the SNR and with the
orientation of the CO, as the symmetry axis of G63.7+1.1 is perpendicular to the
CO in Clumps B and D (Figure 4.9). The observed ellipticity of G63.7+1.1 may
also be the result of an inherent asymmetry in the explosion that created the SNR,
but would not explain the jagged southeastern edge of the SNR without resorting to
some sort of SNR/ISM interaction; as such this model will not be discussed further
here.
One notable aspect of the models of Arthur and Falle (and also seen in "offcentre" SN explosions modeled by Róycica et al., 1993) is the presence of a "jet"
of material along the symmetry axis of the SNR. This material is "squirted" from
the high density region into the low by the explosion. This phenomenon may be
responsible for the observed bright ridge along the symmetry axis of G63.7+1.1, as
the increased emission may result from the additional material in the interior of the
SNR. The ridge extends from the south-east to the north-west from the centre of the
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SNR. The CO in Clump B and D both lie adjacent to the south-east portion of the
ridge. Clump D has an extension to the north-west, pointing in the same direction
as the continuum ridge, immediately at the base of the ridge (this extension can also
be seen in the 100m IRAS data).
If we accept the hypothesis that the ridge is the result of material from the high
density region being injected into the low, then the anomalous polarization of the
ridge may be explained in either of two ways. First, amagnetic field may be dragged
along with the material being "squirted" from the molecular cloud. The magnetic
field would then be extended along the direction of travel of the material, and the
electric field vectors would be directed perpendicular to the ridge, giving rise to the
observed morphology in Figure 4.4.

The second possibility is that the molecular

material in the within the SNR could be ionized interior to the SNR, which in turn
would cause emission from the SNR to undergo Faraday rotation.

4.4.4

The "Tail"

One intriguing aspect of the morphology of 063.7+1.1 is the "tail" of continuum
emission to the SE. This feature is reminiscent of the "chimney" of the Crab Nebula.
Both the Crab's chimney and tail of G63.7+1.1 are faint emission regions extending
radially away from the nebulae. The tail is
distance of 063.7+1.1) and extends

r''

By comparison, the Crab's chimney is

53" wide (0.96 pc at the assumed

49" (0.88 pc) beyond the rest of the remnant.
75" long and

45" wide (0.72 pc by 0.43 pc

at adistance of 2kpc).
The Crab's "chimney" ( also sometimes referred to as a "jet," "stem," "corridor,"
or "spur") was first detected optically by van den Bergh ( 1970). Many other obser-
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vations have since been made of the feature in both the optical (e.g. Fesen & Gull
1986; Marcelin et al. 1990) and the radio (Velusarny 1984; Bietenliolz & Kronberg
1990; Frail et al. 1995). The chimney has been variously ascribed to a RayleighTaylor instability (Kundt 1983), as material being striped off a nearby molecular
cloud (Morrison and Roberts 1985), and as the result of ahigh velocity beam formed
from within the nebula (Beitenholz & Kronberg 1990). Without going into details,
each of the above models fails in some critical regard. The Rayleigh-Taylor instability models do not adequately address the parallel edges of the chimney and the lack
of similar features in other SNRs, while the suggested molecular cloud has yet to be
observed. The lack of acounterjet and non-alignment between the chimney and the
Crab pulsar cast doubt on the high velocity beam model.
Arguably the most promising explanation for the Crab's chimney is that the
chimney is the result of the Crab's progenitor stellar wind ( Cox et al.

1991). In

this model the progenitor star moves supersonically through the ISM (a model for
subsonic motion is presented in Blandford et al., 1983); the models in BD are amore
general treatment of this idea, but do not concern themselves with recreating the
Crab's chimney structure. The stellar wind from the progenitor is shocked when
it interacts with the ISM, and the motion of the star causes the wind to be swept
behind the star, creating a tube of wind material. The outer portion of this trail
collapses as it cools and achieves pressure equilibrium with the surrounding ISM,
forming a cylindrical tube with a high density sheath of compressed stellar wind
material. When the star explodes, the ejecta travels more easily through the interior
of the chimney than in other directions.
It is possible that the "tail" seen in G63.7+1.1 is similar to the Crab Nebula's
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"chimney" and is formed by the same mechanism. Cox et al. address the question of
why other SNRs do not appear to have features similar to the "tail" and "chimney,"
and suggest that three factors must come into play.
• The velocity of the progenitor through the ISM must be supersonic, which is
easily achieved in the warm WIM, but not so easy in the HIM. Thus, if the
filling factor of the HIM is large, few "tails" would be expected.
• The stellar velocity was required to be high to get a tail of the correct size.
A decreased velocity would increase the radius of the tube and decrease the
density of the tube walls. This could render the surface brightness of any "tail"
unobservably small.
• The Crab Nebula is underenergetic and is thus small for its age. A normal
energy SN would probably result in the chimney structure being engulfed by
the resulting larger SNR.
It is difficult to say anything more quantitative about this hypothesis. The model
itself relies on the progenitor's wind velocity, mass loss rate, space velocity, the
external density and pressure, as well as time. Cox et al. state that suitable solutions
require that a, the ratio between the progenitors stellar wind velocity and its space
velocity, be less than unity, while the external Mach number, All,,
(v

=

=

v/J('yP0/p 0)

progenitor's space velocity, while 'y, P0 and p0 are the adiabatic index, pressure

and density of the ambient medium, respectively) must be greater than unity. Cox
et al. use amodel with a = 1/12 and M 0 = 6.0 to illustrate their model, but offer
no preferred values for any of the quantities involved.
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If the SNR is interacting with Clump B an additional possibility arises. It has
been noted that the "tail" coincides in position with a "gap" in the CO feature.
If the tail is not the result of the motion of the progenitor star through the ISM,
the tail may be the result of SN ejecta being impeded by the molecular cloud but
escaping through the gap. Of course, the gap in Clump B may have been created by
the motion of G63.7+1.1's progenitor, in asense combining the two mechanisms.

4.5

Conclusion

G63.7+1.1 is confirmed to be aFC SNR. HI data, coupled with the morphology of
the remnant seen in the radio continuum, imply an interaction with the surrounding
ISM. CO and IR data indicate the presence of amolecular cloud co-located with the
SNR, but no direct evidence of interaction is found. The SNR has afaint continuum
emission extension to the south which is reminiscent of the "chimney" in the Crab
Nebula. It is suggested that this tail is the result of material escaping through alow
density "tube" in the ISM, possibly created by the pre-SN motion of the progenitor
star.

Chapter 5
The HI Environment of the Crab Nebula

The HI environment of the Crab Nebula is investigated using data from the DRAO
synthesis and Effelsberg LOOm telescopes. No clear evidence for an interaction between the Crab and the ISM is found. The Crab may instead lie within the boundaries
of alarge scale, low density, bubble in the HI distribution. It is argued that evidence
pointing to stellar wind material around the edge of the SNR may not be associated
with the Crab, but rather with an 0-star located near the Crab.

5.1

Introduction

Studies of the Crab Nebula are assisted by its strong flux at all wavelengths, allowing
studies of the Crab to be undertaken without requiring large amounts of telescope
time (always the astronomer's bane). However, the strong emission, especially at
radio wavelengths, has proven to be adistinct disadvantage when looking for emission
from a possible faint halo surrounding the Crab.
density of the Crab is approximately 1000 Jy.
(7'

><

At 1 GHz, the integrated flux

This flux lies within a small area

5'), resulting in an extremely high surface brightness.

Observations of the

region around the Crab must thus be capable of avery high dynamic range in order
to detect emission with surface brightness comparable to normal SNR shells. Much
work has been done in this regard (see section 1.5.3) but continuum searches for a
possible associated halo have so far been unsuccessful. The recent work by Fr
ail et
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al. ( 1995) puts stringent upper limits on the surface brightness of any possible radio
continuum shell around the Crab.
Following up on the work presented in Chapter 2, high resolution HI observations
of the region around the Crab Nebula were conducted using both the DRAO synthesis
and Effelsberg lOOm radio telescopes. The results of these observations are presented
in this chapter.
The Crab is, in some ways, a most inconvenient object for HI studies of its
environment. Not only is the Crab bright enough to overwhelm the low intensity
HI emission in its vicinity, but the Crab is also located near the galactic anti- centre
(1

=

184.6). In the anti-centre direction the motion of the ISM relative to the sun,

due to galactic rotation, is primarily tangential to our line-of-sight. This results in
very little radial velocity variation with distance, an effect sometimes referred to as
"velocity crowding."
This has two important effects on this work. First, there is basically no radialvelocity—distance relationship since a given velocity interval covers a huge range
in distance. The kinematically determined distance to the Crab Nebula (Trimble,
1968) thus provides no independent information about where to look for HI features
associated with the Crab in velocity-space; the best and only information comes from
HI absorption observations (afortunate result of the Crab's high surface brightness).
Secondly, even small non-circular motions in the ISM will cause features to appear
at radial velocities totally unrelated to their distance from us.

This means that

features associated with the Crab Nebula may appear at velocities different than
what we expect, and features unrelated to the Crab Nebula may appear in channels
where we are looking for an association with the Crab.
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Despite these obstacles the present study is worthwhile. Evidence of an interaction between the SNR and the ISM may exist in the data and, like that for G63.7+1.1,
may be apparent even without a predetermined velocity range to look in. Lack of
obvious evidence may thus provide some support for the proposition (Section 2.3.1)
that the Crab lies within alow density void in the ISM, although the maxim that
"absence of evidence is not evidence of absence" should be noted.

5.2
5.2.1

Observations
Effelsberg Observations

These data were obtained during the winter of 1993/1994 during periods when the
weather was too poor to observe at higher frequencies; as aresult the final images
are apatchwork of anumber of partial observations. The observations were made in
frequency-switched mode with both hands of polarization. The total bandwidth of
1.5 MHz covers 316 km/s of velocity space at aresolution of 0.6 km/s. This velocity
resolution is about three times that of the data presented in Chapter 2. The spatial
resolution of 9' is also roughly three times that presented in Chapter 2. The data
were Nyquist sampled spatially every 4.5'. A total of 30 swas spent on-source at each
point, with an equal amount of time at the lower (switched) frequency. The field
was centred on the approximate centre of Bubble 2 (a =
The data were calibrated assuming TB

=

5H34M36s,

S= 21°46).

100 K for S7. Individual spectra were

corrected for stray radiation (Kalberla et al., 1982) and baseline corrected using a
third order polynomial fit, before converting the data to channel maps. The final
maps have rms variations, in empty channels, of 0.25 K.

133

0
0
0

0
0
0

c"J
'•-'

z

22 °

z

0

Z

0
121 °

Z 21 °
-J
0
Ui
0

20"

20 0

5" 44"

5" 40'

5' 36"

5" 32"

RIGHT ASCENSION ( J2000)

5" 44"

5" 40'

5" 36"

5" 32'

RIGHT ASCENSION ( J2000)

Figure 5.1: Example of map "correction" process
The original channel map is on the left, with the "corrected" iiiap on the right. The pixels
affected by the Crab Nebula's continuum absorption, seen in the original map, have been
replaced by values determined by interpolation of pixels around the absorption.
There are a few defects in the finished product. The ( automated) baseline fitting
algorithm was unable to cope with the absorptioil at the position of the Crab Nebula;
pixels in this area vary wildly in value, making time maps both esthetically displeasing
aiid less-thaii-optmial for other purposes ( Section 5.2.2). To

minimize

these problems

a twisted plane backgroiumd was fit to pixels around the absorption in each channel

map, and substituted in place of the absorption.

Fig. 5.1 shows a single channel

before and after this process for coniparison.

In addition, a number of channel maps have a noticeable amount of striping in
them, probably the result of calibratiomm differemices during the different observing
intervals; no attempt was made to rectify this problem.

Finally, some channels

appear to have individual pixels wh i
ch have unusually high values. These individual
pixels pose no problems to the present work and have been left in the data.
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5.2.2

DRAO ST Observations

The data are composed of two overlapping fields observed using the DRAO ST. One
of the fields is centred on the Crab Nebula (DRAO survey code "1W") while the other
("IX") was centred roughly

10

to the southeast, near the centre of the HI bubble we

associate with 5A077293 (Section 2.3.1).
The DRAO ST obtains data simultaneously in three separate bands:

74 cm

continuum, 21 cm continuum and the 21 cm HI line. The data from both continuum
bands are dominated by the emission from the Crab Nebula, and the level of the
artefacts associated with this emission was sufficiently high that, even with selfcalibration techniques, only a moderate dynamic range was obtained. However, a
number of superior continuum images of the Crab Nebula exist and, since this work
is concerned with the ISM around the Crab, we focus here upon the HI data.
The HI data consist of 128 channels having atotal velocity coverage of 105 km/s
(0.5 MHz total bandwidth), centred on

VLSR =

—12 km/s.

Other details of the

observations can be found in Table 5.1. The continuum contribution to the data was
estimated by averaging empty channels at either end of the data cube, similar to the
procedure used in Chapter 3. These maps contain continuum emission, due largely
to the Crab Nebula, and structure due to the array point source response.

The

continuum maps from either extreme of the data cube are noticeably different. In
order to subtract the best reasonable estimate of the continuum emission (complete
with artefacts) from each channel map, individual continuum maps were created for
each channel by linearly interpolating between the two extreme channel maps.
By definition, the continuum maps estimate the continuum emission of the Crab
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Table 5.1: Parameters of DRAO I-lI Observations Towards the Crab Nebula
Field Centre

1W

5h34m 305 s

1W

22°01'OO"

Ix

5h3 7m 19 s

IX
21°0'O"
1W
2.'75 x 0.'98
IX
2.'75 x0.'98
Smoothed Beam
RA x Dec 2.'75 x 2!75
Central Velocity
— 12.0 km/s
Channel Separation
0.824 km/s
Polarization
RHCP
Calibrator
S2
Assumed Temperature
lOOK
Map Noise (K)
1W
3.0
IX
0.9
Synthesized Beam (obs)

Nebula at a given velocity. However, the observed flux of the Crab Nebula at any
velocity has been attenuated from its true value by absorption due to the HI in
front of the Crab at that velocity. Since the beam pattern and map artefacts are
proportional to the strength of the emission in a given channel, only a fraction of
the continuum map should be subtracted to reveal the HI emission. This fraction
was determined by comparing the total flux of the Crab Nebula in agiven channel
with the associated, interpolated (i.e. unattenuated), continuum flux This fraction
of the continuum was subtracted then from the channel maps, resulting in maps of
HI emission and absorption (and residual artefacts) only.
The resulting maps show a large amount of HI structure, but are not perfect.
In particular, the field centred on the Crab Nebula has noticeable residual grating
rings centred on the SNR. These can be easily seen in the data presented here.
Greisen ( 1973) showed that absorption of the Crab Nebula's continuum radiation is
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not constant across the face of the Nebula, and varies with velocity. The continuum
subtraction process, described above, works correctly only if the absorption across
the face of the nebula is constant, and thus improperly subtracts the continuum component (and associated artefacts) from our data. An attempt was made to remove
the effects of the telescope point source response (using the CLEAN algorithm) from
both the original and continuum subtracted maps in an effort to reduce the level
of the artefacts, but there was no noticeable improvement over the continuum subtracted maps. Nevertheless, the data used here for the 1W field has been CLEANed.
Reprocessing the data with recently improved DRAO software may ease these problems. No CLEANing was attempted on the southern (IX) field; the residual grating
rings in this field are at levels below the noise in the

map,

probably due to primary

beam attenuation of the Crab's emission at its distance from field centre.
As mentioned previously, in order to investigate HI features having structure on
large spatial scales, it is necessary to add information on the larger scale structure
(shorter baselines) to the DRAO data. This short baseline information was obtained
from the Effelsberg lOOm radio telescope data discussed earlier. In order to minimize
artefacts due to the Crab's absorption the "corrected" Effelsberg data (discussed
earlier) were used as the short spacing data.
The results of this process are entirely trustworthy for regions > 25' from the
Crab Nebula. For regions closer to the Crab the absolute flux may be affected, but
the morphology of the small scale emission should be trustworthy. The DRAO data
(without short-spacings added) should be consulted when interpreting the region
immediately around the Crab Nebula in situations where resolution is paramount.
After the short spacing data had been added to each of the fields, the data were
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re-projected to acommon grid and mosaiced to form the final data cube. The data
presented here have resolution of 2.'75.

5.3

The Data

The Effelsberg and DRAO data are presented separately below. The Effelsberg data
cover awider field of view than the DRAO data, which looks at a smaller area in
finer detail. As such each dataset highlights different aspects of the ISM around the
Crab Nebula.

5.3.1

The Effelsberg Data

Plots of the "corrected" Effelsberg data are presented in Fig. 5.2. As noted previously, there is alack of velocity dispersion due to Galactic rotation in the direction
towards the Crab Nebula. As aresult HI associated with the Crab Nebula may be
found in almost any velocity channel. All channels having measurable HI emission
are therefore presented in this figure for completeness.

5.3.2

The DRAO data

The final, short-spacings added, DRAO image data are presented in Fig. 5.3. As
with the Effelsberg data, we present all channels having detectable emission. The 1W
field is to the north while the IX field is situated to the south. The first channels are
dominated by the ring structures caused by the imperfect removal of the continuum
emission from the upper field. It is worth noting that these artefacts change quite
dramatically from channel to channel, suggesting that the removal of these structures
would be non-trivial.
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Figure 5.2: The Effelsberg HI data.
The Effelsberg HI data is presented in greyscale after having a constant background subtracted froni each channel for ease of presentation. The greyscale runs froin 30 K below
the background ( white) to 40 K above.

Overlaid on the greyscale are black contours at

intervals of 5 K. The large white circle denotes the rough outline of Bubble 2 ( see text).
The upper small circle denotes the position of the Crab Nebula, while the lower denotes
the position of SA077293.
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Figure 5.2: The Effelsberg HI data ( continued)
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Figure 5.2: The Effelsberg HI data ( continued)
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Figure 5.2: The Effelsberg HI data ( continued)
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Figure 5.2: The Effelsberg HI data ( continued)
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Figure 5.2: The Effelsberg HI data ( continued)
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Figure 5.2: The Effelsberg HI data ( continued)
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Figure 5.3: The DRAO HI data.
Adjacent channels have been plotted for the sake of brevity. A constant background has
been subtracted from each channel. The greyscale runs from 30 K below this background
to 35 K above it. The position of the Crab Nebula is denoted by both the absorption

and

artefacts in the northern field. The large circles indicate the inner and outer boundaries
of the blue-shifted portion of the bubble associated with SA077293 ( see text).
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Figure 5.3: The DRAO HI data (continued)
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Figure 5.3: The DRAO HI data ( continued)
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Figure 5.3: The DRAO HI data ( continued)
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Figure 5.3: The DRAO HI data ( continued)
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Figure 5.3: The DRAO HI data ( continued)
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5.4

Discussion

In Chapter 2 the absorption spectrum of the Crab Nebula was discussed briefly,
and the conclusion was reached that the systemic velocity of the Crab Nebula lies
between — 2.5 and — 8.5 km/s.

An absorption spectrum derived from the DRAO

data is presented in Figure 5.4; the spectrum is derived by comparing the average
flux over the brightest portion of the Crab in each of the line channels to the average
expected continuum flux over the same area.

Strong absorption is seen at 3 and

11 km/s, with a weak absorption tail from

0 to — 10 km/s.

Radhakrishnan et

al. ( 1972) fit the absorption spectrum with anumber of gaussian components, and
place the final component at — 1.4 km/s (with awidth of 5.6 km/s), suggesting
that this is the systemic velocity of the Crab. Greisen ( 1973) does asimilar analysis,
placing aweak component at — 8.5 km/s. For the sake of simplicity we therefore
suggest that the systemic velocity lies in the range stated above.
A number of HI features, which may or may not be associated with the Crab
Nebula, exist in this velocity interval. Each will be discussed separately.
"Bubble 2"
In Section 2.3.1 we identify features associated with Bubble 2from
to

VLSR =

VLSR =

5.88 km/s

—17.21 km/s. In our Effelsberg data the feature appears instead to occupy

the velocity range

VLSR =

7.8 km/s to

VLSR =

—6.2 km/s. Expansion of Bubble 2

makes it likely that the feature is larger than the field of view of the Effelsberg data
(and thus undetectable) after

VLSR =

—6.2 km/s.

In the Effelsberg data Bubble 2appears centred near a
and has an inner radius of 45'.

5h38m20s,

6 21°50',

It is first seen as a very faint shell at 7.8 km/s,
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Figure 5.4: HI Absorption Spectrum of the Crab Nebula
The relative intensity of the Crab Nebula's continuum emission is plotted as afunction of
LSR velocity.
growing in intensity as velocity decreases. At 5.3 km/s aprominent are of emission
defines the western edge of the bubble. The western edge of the bubble disappears
by — 0.5 km/s and the feature is then defined largely by the semi-circular bay to the
west. The eastern edge merges with the bright emission in the NE at — 2.1 km/s. A
faint arc to the south of the field bounds the structure in that direction. The shell
appears to "eat" into the HI to the east. The radius of the void thus defined varies
with velocity. At — 3.8 km/s the structure is at its maximum size. At — 6.2 km/s
the structure is no longer recognizable in the Effelsberg data.

At more negative

velocities, the HI peak located near the geometrical centre of Bubble 2at — 6.2 km/s
eventually grows into aridge which defines one edge of an HI bubble associated with
anearby 0-star (see below).
As noted in Chapter 2the velocity range over which Bubble 2extends overlaps
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with the range in which the systemic velocity of the Crab Nebula falls.

In the

Effelsberg data the central velocity of Bubble 2 is — 0.8 km/s. While this falls
outside the nominal range of possible velocities for the systemic velocity of the Crab,
it should be noted that that range is somewhat subjective in nature. It is also worth
noting that the true velocity range over which the HI bubble extends may be larger
than that suggested above if it extends out of the field-of-view of the Effelsberg data.
The velocity width of 15 km/s is twice the expected width of astationary feature
in the ISM (Section 1.1.2). This, along with the change in morphology of the feature
with velocity, suggests that the bubble is expanding (or contracting). The average
brightness temperature of the shell ( above the background) is 3.8 ± 0.6 K, and thus
the mass of the shell is 4x104 M ® (assuming helium is 1/10 as abundant as hydrogen
by number). The energy in the shell is
feature

(
tdy n =

2x 1048 ergs and the dynamical age of this

Rinner/2vexp) is 3.1 x 104 yrs, assuming that the HI shell is at the

same distance as the Crab Nebula (2kpc).
If the mass of HI in the shell was distributed evenly over the ( assumed spherical) extent of the HI bubble previous to the formation of the shell, the pre-swept
HI density would be on the order of 0,15

cm

3,

somewhat less than calculated in

Section 2.3.1.
SA077293
In Chapter 2afeature is mentioned which may be associated with the 07.5 III star
5A077293. At adistance of 1.8 kpc ( Christy, 1977) this star may lie spatially near
the Crab Nebula, and thus the stellar wind bubble associated with SA077293 may
be important in understanding the environment of the Crab Nebula. In Chapter 2
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the feature appears to last from — 8to — 30 km/s. In the present data the shell is
seen from — 6.2 to — 28.5 km/s, in reasonable agreement with the previous estimate.
This velocity range also overlaps that of the systemic velocity of the Crab Nebula;
given the lack of agood rotation curve in this direction it is possible that the two
objects are at the same distance, although only weak absorption of the Crab is seen
at these velocities.
In the DRAO HI data (Figure 5.5) the bubble is centred at approximately a =
05 137m18.58, 5= 21°47'18". The morphology of the bubble does not vary smoothly
with velocity, but rather is made up of two parts which have are centered at roughly
the same position but have different radii. For the purposes of this section the bubble
can be split into two parts; a red-shifted portion, running from v = —6.2 km/s
to v

=

—12.0 km/s, and a blue-shifted portion, seen from v =

—12.0 km/s to

v= —28.5 km/s. The red-shifted portion of the HI shell has an inner radius of
and an outer radius of

23'

50'. The outer radius of the blue-shifted portion (defined

primarily by the nearly linear feature to the SW) is 75', while the inner radius is
50'. The blue-shifted portion of the HI shell is centred to the south of the centre
of the red-shifted portion. Fig. 5.5 shows the boundaries of the red-shifted portion of
the HI shell overlaid upon the HI emission in this velocity range. As in Figures 5.2
and 5.3 the small circles denote the positions of the Crab and SA077293.
The proper motion of SA077293 is Aa
0.008"/Y
' (SAO catalogue).

=

—0.010 ± 0.008"', Ab

=

—0.003 ±

Following the motion of the star back in time, these

values define arange of possible positions of SA077293

5x10 1 yr (see below) ago,

shown in Fig. 5.6. As can be seen from this plot, the range of possible locations for
SA077293 at the time of formation of the bubble include the centre of the bubble.
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Figure 5.5: HI around SA077293
The concentric circles denotes the boundaries of the blue- shifted portion of the HI bubble associated with SA077293 ( see text), while the small circle marks the position of
SAO 77293 itself.
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Figure 5.6: Average HI emission in the vicinity of SA077293
The average HI emission for the velocity range — 6.2 km/s to — 21.9 km/s is plotted in
greyscale with contours plotted every 4.75 K. The two large circles denotes the boundaries
of the HI bubble, while the box denotes the range of possible positions of SA077293
5x i0 5 years ago. The present position of the Crab Nebula and SA077293 are indicated
by the small circles for reference.
The present position of SA077293 lies projected upon the HI shell. If SA077293
was physically within the shell it would no doubt ionize its surroundings, thus destroying the HI. Thus SA077293 must presently lie physically away from the shell, in
aregion of ionized material. This suggests that SA077293 may lie in the blue- shifted
region where the bubble is larger.

The radial velocity of SA077293 is + 15 km/s

(Christy, 1977), implying that the star is moving away from the observer and, if it
originates inside the shell, into the larger blue- shifted

porting this suggestion.

portion of the bubble, sup-

157
The brightest portion of the HI shell lies to the NW, at the junction between the
HI shell and acomplex of bright emission running to the NW. It is unclear whether
the bright emission of the northern portion of the shell is physically associated with
the shell or whether it is unrelated and simply confused as aresult of velocity crowding. It should be noted that this area includes the position of the Crab Nebula, and
is the area where we "corrected" the Effelsberg data. As aresult two measurements
of the HI emission were made, one including the bright emission, and one avoiding
it (as best possible).
The average brightness temperature of the HI shell was determined in the same
way as in previous chapters. Including the bright emission to the north the average
brightness temperature over the velocity range — 6to — 26 km/s is TB
while excluding it yields TB

=

=

4.9 ± 0.4 K,

3.5 ± 0.4 K. Using these estimates the mass of the HI

shell is (8.7 ± 0.6) x 10 3M ® and (4.1 ± 0.6) x 10 3M ® ,respectively.
If the mass in the shell is distributed uniformly through the (spherical) volume
defined by the outer radius of the blue-shifted portion of the bubble the pre-swept
density was

0.5

cm -3 .

If instead the mass is uniformly distributed inside the

(spherical) volume defined by the red-shifted portion of the bubble the pre-swept
density was

1.8 cm - 3.If the bright HI around the Crab is included these densities

are 1and 3.6 cm -3 respectively.
The kinetic energy of the HI shell (assuming the lower mass) is 4.5 x 1048 ergs.
Assuming that SA077293 has a stellar wind velocity of
loss rate of

10-6.7

2000 kin/s and a mass

M ® /year (Bernabeu et al., 1989), the rate of energy injection into

the ISM is 2.5 x 10

erg/s. It would thus take

0.6 x 106 years to inject the needed

amount of energy into the HI shell. Assuming the larger mass in the HI shell, it
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would take 1.3x

106

years. These numbers can be compared to the dynamical

age of the HI shell. Using the blue-shifted radius for the HI shell gives adynamical
timescale of 1.3 x 106 years, in agreement with the numbers derived above.
In summary, SA077293 could conceivably power the HI bubble, and could have
been located near the center of the bubble when it was formed. As such it seems
reasonable to associate the HI shell with SA077293.

5.4.1

Void or no?

In Chapter 2we state that the structure we call Bubble 2covers the velocity range
from + 5.88 to — 17.21 km/s, encompassing the full range of possible systemic velocities of the Crab Nebula (- 2.5 to — 8.5 km/s). We shall take this range of velocities
to define Bubble 2, as the smaller field-of-view of the Effelsberg data may not include
the full extent of the feature. The central velocity of Bubble 2is — 5.7 km/s which
corresponds to the centre of the range of systemic velocities, and is near the velocity where the bubble reaches its maximum extent, — 3.8 km/s. These coincidences
suggest that the Crab Nebula lies physically within the confines of Bubble 2.
The Effelsberg data show that there is HI structure projected interior to Bubble 2
in the range of systemic velocities for the Crab. The resolution of the Effelsberg data
is insufficient to investigate the immediate surroundings of the Crab, however. For
this reason the DRAO HI data in this velocity range is best examined for evidence
of either avoid or an interaction.
At v

—3.66 km/s the Crab Nebula lies on the inner edge of the bright west-

ern edge of Bubble 2.

As velocity decreases the edge becomes less prominent,

but HI emission still remains around the position of the Crab.

From v

—3 to
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v

—5.5 km/s there appears to be very little HI immediately around the position

of the Crab, but by v= —7.05 km/s the bar of emission (which defines the SW edge
of the bubble around 5A077293) has crossed the position of the Crab.
The absorption in this range is quite weak (Fig. 5.4) so it is difficult to state
whether this material is in front of, behind, or surrounding the Crab Nebula.

If

this (or other) material were actually surrounding the Crab one might expect to
see evidence of an interaction (such as aswept-up shell). The next question is thus
whether there is any evidence of an interaction between the Crab and the HI. There
are in fact two possibilities, based largely upon positional coincidences between the
HI structures and the Crab.
The first appears at v= —7.05 km/s. At this velocity there is some HI emission,
in aroughly semi-circular arc, to the NW of the SNR. By v= —9.53 km/s this arc
has encircled the entire top of the SNR, with asmall intensity depression just above
the position of the Crab (Figure 5.7). The intensity depression mirrors an intensity
peak just below the Crab; errors in the calibration of radio interferometer data often
takes the form of asymmetric artefacts in the resulting images, suggesting that both
the peak and depression are residual mapping artefacts. The emission to the NW is
the brightest, and by v= —12.0 km/s the emission to the NE has disappeared. The
emission immediately around the Crab has disappeared totally by v= —16.12 kin/s.
Much of this emission can no doubt be attributed to structure associated with the
HI bubble around 5A077293 (with which the Crab overlaps in position).
The other indication of a possible interaction is first seen at v = —10.35 km/s
immediately to the east of the Crab. It is as athin arc of emission which appears to
encompass the entire eastern edge of the SNR out to v= —15.3 kin/s. A portion of
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Figure 5.7: An HI " cap" around the Crab?
The average HI intensity in the vicinity of the Crab Nebula over the velocity range —7.05
to — 16.12 kiii/s. The position of the Crab Nebula is marked by both an absorption peak
in the centre of the field, and by three contours taken from the DRAO continuum data. A
possible HI "cap" can be seen to the north of the Crab.
this arc can be seen

in

Figure 5.7. The structure lies within and along the contours

of the Crab Nebula, and may be an artefact caused by imperfect removal of the
Crab's continuum emission, due to the changing absorption across the face of the
Crab. The level of absorption at these velocities is small, however, and the spatial
resolution of the observations is poor compared to the size of the Crab. As such,
some uncertainty remains regarding this conclusion.
The features which may be taken as evidence for an interaction between the Crab
Nebula and its surroundings can thus be explained as simple map artefacts resulting
from the extreme brightness of the Crab Nebula. As aresult we conclude that there
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is no strong evidence of an interaction between the Crab Nebula and any ISM in
its vicinity.

This does not mean that there is no interaction, but only that the

artefacts in the data may have overwhelmed and confused evidence for one. Further
observations, capable of extremely high dynamic range, are required to settle this
question.
A Stellar Wind Remnant?
Murdin ( 1994) presents evidence for afaint halo of material around the Crab Nebula.
On the basis of archival optical spectra he suggests that this halo is the remnant of the
stellar wind of the Crab's progenitor. In light of the evidence for an expanding wind
bubble, probably associated with 5A077293, lying along the line of sight towards
the Crab Nebula, it is worth amoment to discuss this suggestion.
Murdin presents two pieces of evidence for this remnant stellar wind. The first is
adeep optical plate, which has been digitized and processed to show the halo, and
the second is archival optical spectra. The first evidence is somewhat suspect. After
digitizing, the plate was median filtered, on ascale of 90", to remove the contribution
of stars in the field. A rough measurement made from the published image suggests
that the "halo" extends roughly this same distance from the Crab Nebula itself,
suggesting that the halo may be an artefact produced by the filtering process. The
suggestion that the halo is aprocessing artefact is supported by the observation that
the morphology of the halo matches that of the Crab Nebula. Murdin states that
the halo is visible out to 2' from the edge of the nebula, but this is not clear from
the published data.
If the optical halo is a processing artefact, what is to be made of the optical
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spectra? Murdin points out that spectra within the SNR show both synchrotron
and high-velocity line emission.

Outside the SNR, but within the halo, Murdin

observes low velocity 11,8 spectral line emission. Where 11/3 emission exists there is a
corresponding lack of [0 III] emission. Murdin suggests that the material giving rise
to this emission is from astellar wind. Noting that the intensity of the 11,8 emission
drops dramatically at the edge of the SNR, Murdin suggests that this stellar wind
material is centred on, and associated with, the Crab Nebula.
An alternative explanation assumes that the detected material is associated with
SA077293. The inner radius of the HI bubble around SA077293 is on the order of
50' (29 pc, assuming adistance of 2kpc). This measure can be used to define the
maximum size of the region ionized by 5A077293 (its so-called "Strömgren Sphere").
The radius of this region
densities

(n

(r3 ) can

be related to the electron and hydrogen number

and nH respectively) and the number of ionizing photons emitted by

the central star (
N) by
TrnenHc2) =

N(u)

(
5.1)

where a 2)is the rate of hydrogen recombination excluding recombination to the
ground level (Spitzer, 1978).

Assuming that the resulting 1111 region has a tem-

perature of 8000 K, and assuming that an 07.5 III emits 5.6 x 1048 ionizing photons/second (Spitzer, 1978), the electron density within the 1111 region ( assuming
pure hydrogen) is 2.5 cm

3.This

number is similar to that deduced by Murdin for

the density of the "halo" around the Crab ( 1cm

3).

Given the admittedly hand-wavy

origin of both these numbers the agreement is surprising.
Taking the density calculated above, the path length needed to give the emission
measure (
EM, EM

=

f nds

where m6 is the electron density and L is the path
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length through the emitting material) calculated by Murdin can be determined.
Murdin quotes EM in arange from 2.5 to 30 cm -6 pc, with avalue of 10 crn
being representative.

6pc

Assuming the Hil region is homogeneous results in a path

length of 1.6 pc (for EM=10 cm -6 pc) along the line of sight. As this length is much
smaller than the maximum diameter of the HI bubble this suggests that the Crab
Nebula lies close to the projected edge of the HIT region, just interior to the edge of
the HI shell. This is indeed the case, as seen from the channel maps.
It is therefore suggested that the emission detected by Murdin is due, not to a
halo

of material

associated with the Crab Nebula, but rather to material associated

with SAO 77293. However, this conclusion is not without some problems (of course).
First, Hil regions are often assumed to be of more-or-less uniform distribution. This
is at odds with Murdin's assertion that the EM drops precipitously near the Crab
pulsar and decreases with distance from the pulsar. The published data have alarge
scatter, and no points closer than 0.4' (where Murdin claims the EM drops) from
the pulsar. Another possible problem is our assumption that the material associated
with SA077293 is uniformly distributed. If the material is distributed in e.g. a
manner, such as might be expected for material associated with a stellar wind, a
much greater path length would be required to get the observed EM. This could be
mitigated to some degree by having the Crab Nebula positioned physically within,
and sweeping up, the material as the SNR expands. This could also account for the
decreasing EM as distance from the central pulsar increases.
It thus seems clear that further work is required to investigate Murdin's assertion that the Crab Nebula is surrounded by aweak halo of material ejected by the
progenitor stellar wind.
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5.5

Conclusion

In this chapter we have presented maps of the HI environment around the Crab
Nebula obtained using the DRAO ST and Effelsberg 100 m radio telescopes. The
Crab Nebula may lie within the physical confines of the HI structure which we call
Bubble 2. This association is based upon the observation that the central velocity
of the HI bubble lies within the range of possible systemic velocities of the Crab
Nebula.

A few channels show evidence for a possible interaction, but need to be

investigated further. It is noted that the Crab Nebula lies along the line of sight
to an HI bubble around the star SA077293; it may be that emission from material
interior to the bubble has been detected by Murdin ( 1994).

Chapter 6
Discussion

The research presented in this thesis was motivated by a simple question

-

what

makes FC SNRs different from their shelled counterparts? Chevalier ( 1977) contends
that the main difference (the lack of limb brightening associated with FC SNRs) is
a result of FC SNRs lying in low density regions of the ISM; the only difference
between the two types of SNRs is simply that FC SNRs contain a central pulsar.
This hypothesis is appealing for two reasons.

First, it implies that the process

which creates FC SNRs does not differ from that which leads to Shell SNRs. This
application of Occam's Razor does not require any new physics; the progenitors and
SNe that lead to both FO and Shell SNRs would be identical.
The second reason that Chevalier's hypothesis appeals is that it brings FC,

com-

posite and shell SNRs into one evolutionary scheme (e.g. Lozinskaya, 1980). In this
scenario aSNR initially has aFC morphology because the surrounding halo of fast
moving ejecta is unobservable, due of the small amount of ISM encountered by the
blast wave. Once sufficient amounts of ISM have been swept-up, or the blast-wave
encounters high density material on the outskirts of the low density region, the shell
becomes detectable and (if the pulsar is still powering emission interior to the shell)
the SNR has acomposite morphology. When the FC component fades (for whatever
reason) only the shell component is left, which itself eventually fades into oblivion.
Thus the morphological sequence FC, Composite, Shell would also be an evolutionary
sequence.
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The evidence presented in Chapters 2through 5of this thesis do not, in general,
support Chevalier's hypothesis. If FC SNRs lie in regions of low density ISM, and
are surrounded by invisible halos of fast moving ejecta, then there should be no interaction between the observable nebulae and the ISM; the blast wave associated with
afast moving halo would sweep up any ISM that it encounters, leaving the pulsarpowered nebula nothing to interact with. Yet G63.7+1.1 and G74.9+1.2 appear to
be interacting with typical density

(r

1cm - 3)ISM. These implied interactions ar-

gue that FC SNRs need not lie in low density regions of the ISM and, further, that
these SNRs are not surrounded by fast moving halos of ejecta. 3C58 and the Crab
Nebula, on the other hand, do appear to lie in low density voids in the ISM and
may be examples of the phenomenon hypothesized by Chevalier. This suggests that
there may be more than one physical process which can give rise to SNRs with aFC
morphology, complicating the question further.
The nature of the ISM around FC SNRs, and the SNRs interaction with it, offer
clues to the nature of FO SNRs and their progenitors stars and supernovae. These
topics will be addressed in this chapter.

6.1

Limb-brightening and FC SNRs

On the basis of the observed interactions between the FC SNRs and the ISM, it might
be naively assumed that appreciable synchrotron emission should be powered by the
interaction. This synchrotron emission would be optically thin, and the differences in
path length through the emitting region would result in limb-brightening, such as is
seen in Shell SNRs, at the edge of the observed nebulae. The lack of limb-brightening
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associated with FC SNRs might then be taken as an argument against the proposed
interactions. It is thus important to assess whether detectable limb-brightening is
expected, and under what circumstances it would occur.
In Section 1.5.2 FC SNRs are described as being made up of three parts: acentral
pulsar, abubble of relativistic material created by the pulsar, and an outer shell of
ejecta.

Presumably it is the outer shell of ejecta which interacts with the ISM.

As a result, the question "under what circumstances will a PC SNR exhibit limbbrightening" can be rephrased as "under what circumstances will the shell of ejecta at
the edge of the FC SNR generate limb brightened emission." To address this question
the radio emission from SNR shells will be discussed using the framework presented
by Bhattacharya ( 1990) and Gaensler and Johnston ( 1995, henceforth GO), both
of which are based upon Gull's ( 1973) theoretical work on the luminosity evolution
of aSNR shell.
In GO the luminosity (
Lu)of a SNR shell at a given frequency,

ii,

evolves in

time as
T

-'-'V

-

T
14-14
\4.9
'-'max
'..
U'flf))

(6.1)

until five times the ejected mass is swept up (at time t
max ). After tma x the luminosity
decreases as
r

'-'v

-

-

r

(4-14

\- 1.3

(6.2)

-'-'max. '/ umax)

The maximum luminosity of the shell, Lm ax ,is estimated using
'-'max

=

L*M

2an(l_a)/ 2Vl_ 50

ej

va

(6.3)

where the SN is assumed to eject amass M ej, at velocity Vej, into a uniform ISM
of density n. The emission from the shell is assumed to have aspectral index a; a

168
value of — 0.5 will be assumed for the calculation discussed below. L is a scaling
constant, determined empirically using data from Kepler's SNR, and is taken to be
10350 for this work. The surface brightness of the resulting shell of linear radius R
is then
422

-

(6.4)

7

assuming uniform emission over the SNR. For the purposes of this work all surface
brightnesses have been calculated for afrequency of 1.4 GHz.
The validity of this method is tested by comparing the observed and predicted
surface brightnesses for several young SNRs. For each object several different assumptions have been made, and these assumptions are detailed below. The results
of the comparison are presented in Table 6.1 and Figure 6.1.
The data for Tycho are taken from ]3rinkmann et al. ( 1989), and the initial
ejecta velocity is inferred from the explosion energy assuming that aWD of 1.3 IVI ®
is completely destroyed in the SN. This results in a model surface brightness two
orders of magnitude too large. If an initial ejecta velocity of 6000 km/s is assumed
instead (implying an explosion energy of

'

5x

1050

ergs) the model surface brightness

becomes comparable to that observed.
The data for SN1006 are taken from Willingale et al. ( 1996).
energy derived from those data is considerably smaller than the

1051

The explosion
ergs expected

for a "normal" SN. It is possible that the explosion energy is larger than that used
here, and that the initial velocity and present surface brightness are larger than those
quoted here.
The data for Kepler are taken from Decourchelle and Ballet ( 1994) and White
and Long ( 1986). The data for Cas A are taken from Contini ( 1987). The explosion
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Table 6.1: Surface Brightnesses of Shells Around Historic SNe
Name

Age
Energy
M
Vi
no
(yrs) (ergs) (M® ) (km/s) (cm)

E'(theor)

Kepler
Tycho
0540-69.3
SN1006

390
422
1245
975

3x

Cas-A

314

1O 5'
1.3 x io'
1.8 x 10 51
4.4 x 10 41
iü'

2
1.3
5.5
1.7
2

4840
10000
5725
2710
5000

energy for both remnants is assumed to be

1051

0.3
0.4
0.67
0.4
4

E (obs)

7xio-17
1.6 x 10 -19
2.9 x 10 -20

4x 10 -11

ergs. The correspondence between

the theoretical and observed surface brightnesses for Kepler is unsurprising, as Kepler
was used for calibration. The data for 0540-69.3 are taken from Seward and Harden
(1994).
The theoretical and observed surface brightnesses are plotted in Figure 6.1. This
figure suggests that the estimates from this method can be good to within an order of
magnitude, but that large deviations can also exist. Where such deviations exist, the
model over-estimates the surface brightness of the remnant by significant amounts.
This is in keeping with the simulation of SNRs in our Galaxy presented in G&J,
where GO note the model produces anumber of excessively luminous SNRs. The
model surface brightnesses can be brought into agreement with the observed surface
brightnesses if the kinetic energies in the initial explosions are less than those assumed
here. The surface brightnesses derived using this method should thus be taken with
some skepticism, and be regarded solely as upper limits.
1W

M -2

Hz — 'sr —'
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Figure 6.1: Model and Observed Surface Brightnesses
The model surface brightnesses are plotted vs the observed surface brightnesses.

The

slope=1 line (observed = theoretical) is plotted for reference. The slope = 1line passes
through the point corresponding to Kepler's SNR, which was used to normalize the model
surface brightnesses.
6.1.1

G63.7+1.1

The data presented in Chapter 4show that G63.7+1.1 is roughly 8.8 pc in diameter
and is expanding into HI having a density of 0.8 cm

3.

The SNR may also be

interacting with molecular material to the south. Since G63.7+1.1 is interacting with
>

50 M ® (Section 4.3.3), of ISM it has obviously evolved past the free-expansion

phase.

As a result it is assumed that the outermost ejecta are undergoing Sedov

expansion (Section 1.5.1).
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Table 6.2: G63.7+1.1 Shell Surface Brightness Models
E0
Expansion Distance
(ergs) (pc)

Sedov Age
(years)

L1.4GH

(W M-2Hz')

3.2 x 10 49

442

1051

4.4

2940
520

3.2 x 10 49

8.8

16600

1.3 x 10 15
5x i0'
1.4 x 1014

io'

8.8

2960

5.2 x 10 16

1.4GHz

(W

M -2

Hz' sr')

1.8 x icr 2'
6.9 x
1.9 x icr 22
7.2 x 10 -20

An age for the SNR must be deduced in order to estimate the surface brightness
of a limb-brightened shell at the edge of the observable nebula.

Two cases are

considered. For the first, the SNR is assumed not to be interacting with the molecular
material to the south; the progenitor SN event is assumed to have taken place near
the centre of the remnant, which implies that the blast wave has traveled

r''

4.4 Pc

since the explosion. For the second case, the SNR is assumed to be interacting with
the molecular material to the south and, in keeping with the model discussed in
Section 4.4.3, the SN explosion is assumed to have taken place at or near the edge
of the molecular material. In this case, the blast wave traveling to the north has
traveled approximately 8.8 Pc since the SN.
A SN explosion energy must also be assumed, and two cases are again envisioned.
The first assumes that the SN energy for G63.7+1.1 is the same as that inferred for
the Crab Nebula, 3x10 49 ergs ( 1.4 M ® worth of material ejected at 1500 km/s). The
second case assumes that the SN ejected 1M® of material at
energy of

1051

104

km/s, for atotal

ergs. The various quantities involved in this calculation are listed in

Table 6.2.
'Assumes SN explosion near centre of present nebula
3Assumes SN explosion near molecular cloud
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The surface brightness sensitivity of the 1.39 GHz WSRT data, presented in
Chapter 4, is
the remnant is

2.4 x 10-22 W

M

-

2

3.4 x 1021 W rn

Hz'sr', and the average surface brightness of
2

Hz -'
sr -1.The sensitivity limit is significantly

lower than all but one of the models, arguing against three of the proposed scenarios.
The only model for which the predicted limb brightening to the north would not be
detected is the situation where alow energy SN occurs near the edge of the molecular
material.
It is worth noting that radio emission, due of the expansion of the blast wave into
the molecular material, is not expected. If we assume that the molecular material has
auniform H2 density of 2000 cm -3 the radiative lifetime of the SNR for this situation
300 years. This is much less than the assumed age, 16600 years, suggesting that
most of the energy in the blast wave would be lost early in the remnant's evolution.
These results suggest several things. First, limb-brightening need not result from
the interaction between aFC SNR and its surrounding ISM. This result is important
as it contradicts the intuitive expectation. Secondly, this result provides support for
the suggestion (Section 4.4.3) that G63.7+1.1 was born near the edge of molecular
material to the south of the SNR. Finally, the calculations suggest that G63.7+1.1
is the result of alow energy SN event, and is thus similar to the Crab Nebula in this
regard.

6.1.2

G74.9+1.2

The data presented in Chapter 3 show that G74.9+1.2 is interacting with HI, of
density 0.7 cm

3,to

the north of the remnant. If G74.9+1.2 is interacting directly

with the ISM we can ask whether limb-brightening should be observable at the edge
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of the observed nebula. In Section 3.4.2 it is shown that the nebula, and presumably
the SN ejecta at its edge, has traveled

5.5 Pc into the HI shell. Using the age

of 4600 years derived in Section 3.4.2, and assuming that the observable nebula has
3x 10 49 ergs of kinetic energy, the surface brightness due to the SNR/ISM interaction
would be

4x 10_22 W

M

-

2 Hz'

brightness would be 3x 10_20 W

sr'; if the explosion energy is
M

-

2

1051

ergs the surface

Hz' sr - '. The latter value should be easily

detectable in our data; the fact that no limb-brightening is seen argues that the
kinetic energy in the SN explosion was similar to that found in the Crab Nebula.
It is important to remember that there is no direct evidence that G74.9+1.2 has
swept up any ISM; the interaction between the SNR and the ISM is inferred rather
than observed. This leaves open the possibility that ahalo of fast moving ejecta may
exist beyond the boundaries of the observable nebula. An obvious question, then, is
whether we would expect to see such ahalo if it existed.
It is assumed that the SN occurred 4600 years ago (Section 3.4.2) and ejected
1 M ® at
n

=

104

km/s (
E

=

io' ergs) into a medium having a uniform density of

0.7 cm -1 (this model thus addresses only the question of whether emission

should be seen from blast wave expanding to the north of the SNR). Assuming Sedov
expansion, the outer halo will be located approximately 11 pc from the explosion
centre

('-.-'

5 pc beyond the boundaries of the observable nebula), and the surface

brightness of the resulting shell would be

E 1420MHz

7 x 1021 W

M

-

2

Hz -1 5r

1.

Assuming a 15" circular beam this corresponds to a few mJy/beam, the level at
which artefacts around 2013+370 become evident in the structure of G74.9+1.2 in the
combined DRAO/VLA data (acontour is included in Fig. 3.4 at this level). It is thus
impossible to state definitively that there is no faint shell around G74.9+1.2 at this
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level. Green and Gull ( 1989) quote an upper limit of E < 1.5x10

2'
W

m

2 11z'

sr -1

for the surface brightness of aSNR shell associated with G74.9+1.2 at 1GHz, similar
to the value derived here. As the predicted surface brightness is only an upper limit,
observations with sensitivity similar to those made for the Crab Nebula by Fail et
al. ( 1995) are clearly needed to rule out the presence of ahalo.

6.1.3

The Crab Nebula

The analysis of the sort used above is somewhat better constrained for the Crab
Nebula than for the previous two objects; both the energy and age of the Crab are
well known and the only quantity which is ill-determined is the external density.
The data presented in Chapter 2give an upper limit of 0.5

crn

3

from

the pre-swept

density derived from the data for Bubble 2 (assuming that the Crab lies physically
within Bubble 2). A somewhat more restrictive number comes from Beitenholz et al.
(1991) who use pressure balance arguments regarding the expansion of the Crab's
synchrotron bubble to estimate an ISM density of < 0.05 cm -3.Using both these
numbers, and assuming spherical symmetry, limb brightening at the edge of the Crab
would contribute

6x10-24 or

3x10

Wm - 2 Hz'

5r' (for 0.5 and 0.05 cni

3

respectively) to the overall surface brightness at this frequency. Limb brightening at
this level would not be discernible in the SNR.
We can also use this method to estimate the surface brightness of a halo of
fast-moving material outside the observed nebula. Assuming that the energy in the
halo is

io'

ergs ( 1M ® of material expanding at 10000 km/s), and that the density

of the ISM around the Crab is 0.01 cm -3 (Chevalier, 1985), the halo would have
traveled 7.7 pc into the ISM. The surface brightness of the resulting shell would
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be

r

8 x 10-22 W

M

-

2

Hz' sr', comparable with Frail et al.'s ( 1995) detection

threshold.
In summary, limb brightening is not expected at the edges of any of the observed FC SNRs if the energy in the ejecta is similar to that in the Crab Nebula
1049 ergs). If the energy contained in the ejecta of these remnants is

1051

ergs,

both G63.7+1.1 and G74.9+1.2 would be expected to exhibit indications of limbbrightening; the fact that no limb-brightening is observed therefore argues against
these FC SNRs being the result of high-energy SNe. A full discussion of the conditions under which apulsar-powered SNR would be observed as acomposite SNR
is beyond the scope of this thesis; the subject is addressed by Bhattacharya ( 1990),
who assumes that FC SNRs are surrounded by fast moving halos of ejecta.
In addition, the levels of radio emission expected from hypothesized fast moving
halos around G74.9+1.2 and the Crab Nebula are near the detection limits of investigations made towards these objects. As the derived surface brightnesses are upper
limits, the current non-detections of limb-brightened halos around these objects do
not prove that such halos do not exist.

6.2

Changes to the Standard Model

The standard model describing FC SNRs ( Section 1.5.2) has a number of implicit
assumptions, one being that the pulsar powered nebula does not interact, at any time,
with the ISM. The results for both G74.9+1.2 and G63.7+1.1 show this assumption
to be false, and it is worth re-examining the standard model for FC SNRs to include
the effects of interaction with the ISM.
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The major change which must be introduced is in R&C's equation for momentum
conservation. R&C state that
M 8R = 4irR2[P
for stages II

-

-

p(R

-

v) 2]

(
6.5)

III, and
M 3R = 4irR 2[P

-

P3]

(6.6)

for stage IV. The quantity on the right-hand side of these equations is the force
accelerating the bubble outwards; the term on the left is the change in momentum.
Note how both equations assume that the mass of the shell does not change. To
allow for the possibility of an interaction between the pulsar powered nebula and
the ISM the left hand side of both equations should read d
dt (
M81)

=

J!g1 + M 82,

thus introducing a second term to the equations. If the SNR is expanding into a
low density medium then M

'

0and the momentum conservation equation can be

approximated by Equation 6.6, where P3 will be replaced with the pressure of the
ambient medium.
This last point may help explain why R&C is able to explain the spectral characteristics of the Crab nebula, but fails when attempting to predict the flux densities
of other FC SNRs at high frequencies. For example, Morsi and Reich ( 1987) show
that G74.9+1.2 undergoes a spectral break at 32 GHz, a result not predicted by
R&C, while Salter et al. ( 1989) show that G21.5-0.9 has abreak at several lOs of
GHz. These unexpected spectral breaks may result from the exclusion of possible
FC SNR/ISM interaction in R&C. Energy losses due to synchrotron emission are
proportional to the square of both the magnetic flux density of the plasma and the
energy of the emitting particles; the slowing of the expansion of the synchrotron
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bubble may increase the magnetic flux density inside the bubble, as compared to
what R&C would predict at the same age, and thus increase the rate of synchrotron
losses. Since the break frequency

11b

oc B

3

(
Pacholczyk, 1970) this increase in the

magnetic field, and resulting increase in the rate of synchrotron energy losses, would
have the effect of moving the spectral break to lower frequencies than predicted by
R&C. The Crab Nebula appears to lie in alow density region of the ISM, and the
apparent agreement between R&C and the observed nebula may be

-

in essence

-

fortuitous.
This oversimple explanation runs into some problems when applied to 3C58.
Green and Scheuer ( 1992) use IRAS data to derive an approximate break frequency
of 50 GHz for 3C58.

This break frequency is much less than that for the Crab

Nebula, despite the fact that both 3C58 and the Crab Nebula are similar in age.
Applying the reasoning above, this low break frequency might be expected to be a
result of 3C58 being physically smaller than the Crab (to increase the magnetic field
and lower the break frequency); this is not the case, however, as 3C58 is 7x 4pc in
size, while the Crab is 4x 3Pc (assuming distances of 2.6 and 2.0 kpc respectively).
This suggests that the spectral breaks cannot be due purely to the evolution of the
nebula itself, but must also be due to the differing natures of the powering pulsars.
The simplest solution is that the particles injected into the nebula by the pulsar have
an intrinsic energy break, although this solution is not without problems (see Green
and Scheuer for details).
It is thus clear that, while taking possible SNR/ISM interaction is probably not
the entire solution, the standard model of R&C is in need of enhancement.
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6.3

The Progenitors of FC SNRs

In Chapter 1the debate over the physical model of FC SNRs is characterized as one
of nature vs. nurture

-

are FC SNRs intrinsically different, or are they simply the

manifestations of normal SNRs in abnormal environments? The work in this thesis
demonstrates that FC SNRs are intrinsically different, which then implies that the
progenitors of FC SNRs are different from the progenitors of shell SNRs.
Nomoto ( 1987) and Pols et al. ( 1995) have suggested models for progenitors which
are designed to meet the requirements imposed by the Crab Nebula, namely that
they produce low energy, helium rich, SNRs. However, G292.O+1.8, itself aFC SNR,
is oxygen rich (Sutherland and Dopita, 1995). The models proposed by Nomoto and
Pols et al. clearly will not be able to produce an oxygen rich SNR such as G292.O+1.8
and amore general theory, which allows for more diverse progenitors, is required.
In previous chapters we have made much regarding the form of the ISM around
FC SNRs, but have not investigated the origin of that form. The forces shaping
the ISM may be related to the progenitor of the FC SNR, whether through its own
stellar wind, or through the winds/SNe of other stars in the same cluster, and may
provide useful information regarding the nature of the progenitor. For this reason
we will discuss possible mechanisms for shaping the ISM around each remnant.

6.3.1

G74.9+1.2

The data in Chapters 2 and 3 show that G74.9+1.2 lies within a low density void
in the ISM. The void is bounded by ahemispherical shell of HI,
mass, expanding at

2 x iO

M ® in

10 km/s. Assuming that the ISM is pure atomic hydrogen, the
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kinetic energy of the HI shell is on the order of 2x iO° ergs. G74.9+1.2 sits upon
athermal emission plateau which lies interior and adjacent to the hemispherical HI
shell. This morphology suggests that the HI void is filled with a thermal plasma,
which in turn suggests that the plateau and HI shell are the manifestations of a
diffuse ionization-bounded HII region.
The inner edge of the HI shell presumably marks the edge of stellar wind activity
in the HII region. The dynamical timescale of the shell, Td
(where R5

=

R5/2v8

7 x 1020 cm is the radius of the shell at 12 kpc, and v3

107

yr

10 km/s

is the expansion velocity of the shell), estimates the current age of the bubble, and
thus the length of time that the progenitor wind must have existed. Assuming the
radiative energy losses are negligible, the bubble radius, R (
in pc), undisturbed ISM
density, n0,stellar wind luminosity (in units of
bubble (in units of

106

1036

ergs/s),

£ 36,

and the age of the

years), t
6,are related via

R(t)

=

27n°2 Lt
36 66 pc

(6.7)

(Weaver et al., 1977). For aradius of 133 pc, unperturbed ISM density of 0.2 cm
and age of 10 1 years, the necessary wind luminosity is L

3,

6 x 1037 erg/s. Given

the combination of long timescale and high wind luminosity required, it is unclear
whether asingle star could be responsible for the structure. For example, an 09V star
has awind of luminosity of 10 33 ergs which lasts iO years, while an 051 star sustains
aluminosity of

1038

ergs for

io

years (Lozinskaya, 1992). A small OB association,

which can sustain a wind luminosity of

1038

erg/s for a period of

101

years, may

suffice. This suggests that the progenitor of G74.9+1.2 may have been a member
of the OB association, in keeping with the idea that the progenitors of Type II SNe
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are massive young stars. Even if asingle star could produce the 1111 region, it is not
likely that the progenitor of G74.9+1.2 was responsible (Section 3.4.1).
However, afurther constraint can be placed upon the nature of the progenitor of
G74.9+1.2. If the progenitor was amassive star, the associated stellar wind would
presumably create abubble in the ISM, but no noticeable deformation of the HI shell
is seen near the position of G74.9+1.2. The smallest cavity that would be created
by the stellar wind of an 0-star in an ISM of density 0.8 cm -3 is

's-'

35 pc in radius.

This cavity would be 20' across in our data, and easily observable. This suggests
that the progenitor of G74.9+1.2 was asmaller star, such as aB-type star.

6.3.2

The Crab Nebula

In Chapter 5 it is suggested that the Crab Nebula lies interior to an HI bubble,
140 pc in diameter, which is expanding at
requires awind of luminosity L

12 km/s

(td"

10 6 years). This

6x1017 ergs/sec to create. Using the relationships

of Howarth and Prinja ( 1989) for mass-loss rate and terminal wind velocity as a
function of stellar type, and assuming that the wind lasts for the main-sequence
lifetime of the star, it can be shown that an 06 star could power such a bubble
(1

-'

3 x i0

sequence masses

M ® /year,
>

Vw jnd

2400 km/s).

However, 06 stars have main-

50 M ® (Howarth and Prinja, 1989) while elemental abundances

constrain the Crab progenitor mass to lie between 8 and 13 M ® (Nomoto 1982). A
8-13 M ® star would have a negligible wind, compared to that needed to power the
HI shell, suggesting that the Crab's progenitor did not create the void in which it
lies.
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6.3.3

G63.7+1.1

G63.7+1.1 shows direct evidence of interaction with the ISM. This suggests that
G63.7+1.1 does not lie within alow density void in the ISM, and would appear to
imply that the progenitor of G63.7+1.1 was not a massive star. It is possible that
the progenitor of G63.7+1.1 was responsible for the horseshoe shaped CO structure
to the south-west of the SNR ( CO Clump B). The existence of the tail through
the gap in the horseshoe suggests a physical connection between G63.7+1.1 and
the horseshoe (e.g. the passage of the progenitor star through the boundary of the
horseshoe, Section 4.4.4).

If this is the case it may indicate that the progenitor

of G63.7+1.1 was a massive star.

For example, assuming that the progenitor of

G63.7+1.1 was born in amolecular cloud having auniform density of

104

cm

3,an

09 star would be able to create acavity 5.5 Pc i
n radius, which compares well with
the observed size of the horseshoe,

5pc.

Summarizing, the present data suggest that the progenitors of FC SNRs have
relatively weak stellar winds (compared to early 0-stars). It is likely that the progenitors are late 0 or B-stars.

More complex progenitors, such as massive stars

whose envelopes have been lost via accretion onto aless massive companion, are also
possible and, in light of the model of Pols ( 1995), perhaps even probable.

6.4

Low Energy SNe

The kinetic energy in the observed material of the Crab Nebula is 3 x 10 49 ergs
(Trimble, 1968); in Sections 6.1.1 and 3.4.2 the explosion energies for 063.7+1.1
and 074.9+1.2 (respectively) are inferred to be similar to the Crab's. These results
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place a stringent requirement on the nature of progenitor SN for FC SNRs

-

the

kinetic energy imparted to the ejecta of FC SNRs must be substantially less than
that imparted to shell SNRs.
In principle this should provide avaluable clue to the physics of SNe which give
rise to FC SNRs.

In practice, this clue is currently less useful than it might be.

This is because the physics of the envelope ejection process
determines the kinetic energy of the ejecta

-

-

the process which

is only poorly understood.

Current

wisdom has the central portion of the proto-neutron star collapsing and overshooting
its equilibrium size. The resulting "core-bounce" causes the core to move into the
infalling material above it. This sets up a shock wave which propagates into the
infalling matter. However, this shock very easily stalls and needs to be re-energized
before the envelope can be ejected (]3ruenn, 1989).
It is generally agreed that the process of re-energizing the stalled shock requires
substantial heating by neutrinos released in the electron capture process. However,
numerical models produce duds (failed explosions) as often as they produce successful
explosions. It has become clear that convection and turbulent motions are required
to create the sought-after explosion, but both the physics and the multi-dimensional
models required to describe the explosion process are very much in a state of flux
(Janka and Muller, 1996). As such, it may be some time before complications to the
theoretical framework (such as the effects of stripping of the envelope by acompanion
star) can be addressed.
Burrows and Goshy ( 1993) try to cut through some of the uncertainty regarding
the physics of SNe and have created aframework in which to discuss the success of the
explosion mechanism. One of the results of their simplified model is an estimate of
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the maximum possible ejecta energy, Emax ,which range from 2xiD'19 to 5xi0 5°ergs.
These numbers suggest that low energy SNe are possible. However, the generally
low values of Em a
x led Burrows and Goshy to speculate that the supernova energy
is determined sometime after the explosion begins, and is not necessarily related to
Emax .In light of the evidence that FO SNRs have low kinetic energies this speculation
is not necessary. Instead, it may be more correct to interpret the range of Emax as
indicative of acontinuum of possible kinetic energies resulting from SNe, rather than
aquantization.

6.5

Conclusion

This chapter has presented anumber of different aspects related to FC SNRs. The
primary conclusion of this thesis, that FO SNRs are intrinsically different than their
shelled counterparts, has a number of corollaries. Among them is the result that
the interaction between aFC SNR and the ISM need not produce observable limbbrightening, if the energy in the ejected material is initially

r''

1049 ergs. While this

observation is not currently of use in helping explore the physics which give rise to
FC SNRs, it does provide aconstraint for future theoretical SNe models.
The observation that the ISM around FC SNRs has not been greatly disturbed
by the progenitors of FC SNRs allows limits to be placed on the nature of the
progenitors. As a result, it is suggested that the progenitor stars were late 0- or
B-type stars.

Chapter 7
Conclusion

This thesis presents the results an investigation into the nature of the ISM around
FC SNRs. Directly imaging the atomic and molecular material around these objects
has made unique insights into the nature of FC SNRs possible.
The main conclusion is that FC SNRs need not lie entirely within low density
voids in the ISM, although all the FC SNRs observed for this thesis exist in environments that have been shaped by previous energetic phenomena. The conclusion that
FC SNRs need

not

lie in low density voids directly contradicts Chevalier's ( 1977)

explanation for the lack of alimb-brightened shell around these objects; FC must be
intrinsically different from Shell SNRs.
Simple models for the kinematic and luminosity evolution of G74.9+1.2 and
G63.7+1.1 suggest that both objects originate from low energy SNe, similar in energy to the Crab. The lack of limb brightening in FC SNRs bolsters this conclusion.
It is hoped that these results will provide some impetus for more in-depth modeling
of FC SNRs and their progenitor SNe.

7.1

Where from here?

The conclusion that FC SNRs are intrinsically different from Shell SNRs is surprising, even for the author.

It is thus likely that this conclusion will be slow to be

accepted. This natural conservatism among researchers is both expected and correct
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-

apotentially radical shift in basic assumptions needs to be tested to its fullest be-

fore it gains wide-spread acceptance. Below, Ilist anumber of topics which need to
be investigated in order to confirm, and then expand upon, the conclusions presented
in this thesis.
• Continuum observations of FC SNRs: It has been noted elsewhere in
this thesis that most FC SNRs have been observed with poor resolution and
sensitivity.

High resolution observations of all FC SNRs need to be made,

if for no other reason than to confirm their classifications.

Deviations from

spherical symmetry, such as those seen in G63.7+1.1 and G74.9+1.2, need to
be noted and explored for evidence of SNR/ISM interaction. Multi-frequency
observations are called for in order to determine whether particle acceleration
is taking place along the periphery of these objects. This is particularly true
for G63.7+1J., where an obvious interaction is taking place. A similar investigation of G74.9+1.2, with sensitivity at least an order of magnitude better
than that provided here, is also suggested.
• HI and CO line observations of FC SNRs: This thesis has shown that
direct imaging of the ISM around FC SNRs is apowerful tool in understanding
their true nature. To investigate whether other FC SNRs are interacting with
the ISM it is essential to continue this work by observing their HI and CO
environments. An ideal candidate for this type of investigation is G292.O+1.8,
a FC SNR which has an X-ray spectrum similar to that usually seen in shell
SNRs; in light of the observed interactions presented in this thesis, it is entirely
possible that the X-ray spectrum is related to its interaction with the ISM.
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Both G74.9+1.2 and G63.7+1.1 may be interacting with molecular material
in their vicinity; this possibility needs to be investigated in detail. High spatial and velocity resolution observations of these molecular clouds are required
to search for indications of interaction between the SNRs and the molecular
material.

Examples of the type of observations needed include high spatial

resolution observations in various transitions of ' 2C0 and " CO, searches for
products of shock-induced chemistry, and FIR. imaging to look for evidence of
shock excited H2.
• Observations of Composite SNRs: It is important to make observations,
such as those described above, of composite SNRs also. The differences between
those pulsar powered nebulae associated with, and those independent of, SNR
shells need to be noted. The kinetic energy released in SNe which form Composite SNRs needs to be determined to gauge the relationship between FC,
Composite, and Shell SNRs.

Distance estimates, from HI observations, will

be especially important as they will help constrain the kinetic energy in the
nebula, increasing the reliability of the conclusions based upon X-ray models.
• Pulsar Searches: FC SNRs are assumed to be powered by internal pulsars,
but few have been actually detected in these objects. The conclusions of the
model of G74.9+1.2, presented in Section 3.4.2, are largely based upon the
assumed present location of the pulsar. The actual detection of apulsar could
greatly assist in refining this model, and applying similar models to other FC
SNRs.
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• Luminosity Modeling: A reliable method for estimating the radio luminosity
of SNR shells needs to be developed to better understand the relationship
between FC and composite SNRs. The effects of instabilities at the interface
between the blast wave and the ISM are starting to be addressed in multidimensional computer models; coupling these models to others which include
magnetic field compression and particle acceleration mechanisms will hopefully
allow abetter understanding of this difficult problem.
• Searches for new FC SNRs: Our understanding of FC SNRs is limited
largely by the number of objects for which high-quality data exist. One step
in increasing the number of objects for which such information exists is to
increase the total number of known FO SNRs. A number of multi-frequency,
polarimetric, surveys of the Galactic plane are currently underway; these surveys will yield alarge number of objects which may be FC SNRs, all of which
need to be followed-up to determine their true nature. Even if only a small
number of FC SNRs are discovered, the additional information obtained about
Hil regions and extra-galactic objects will more than justify the time and effort
put into the search.
• Pulsar Wind Nebulae: A small number of pulsars have been observed to
be surrounded by nebulae powered by the pulsar. The physics of these objects
no doubt has much in common with the physics FC SNRs. It is thus essential
that these objects be investigated to determine under what circumstances such
nebulae form, and what factors govern their observable characteristics.
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• Modeling of Sne: It is an exciting time for those who model the physics of
SN explosions.

It is now becoming possible to model the multi-dimensional

physics needed to understand SNe.

It is hoped that those who model SNe

will keep in mind the possibility that some SNe will transfer only afraction of
the canonical

1051

ergs of energy to the SN ejecta. While this expands upon

the parameter space needed to be explored in these models, the results of this
thesis suggest that it is anecessary evil.

Appendix A
The Instruments

A.1

The Dominion Radio Astrophysical Observatory

The Dominion Radio Astrophysical Observatory (DRAO) is located near Penticton,
British Columbia. The main research instrument is aseven element radio synthesis
telescope (ST) but the DRAO is also home to asingle 26m diameter parabolic radio
antenna. Both of these instruments are described below.

A.1.1

The DRAO 26m Radio Telescope

The DRAO 26m telescope consists of aparabolic reflector 25.6m in diameter, which
at 1420 MHz has an angular resolution of 36'. At the time of the observations the
HI spectrometer had 128 frequency channels, and measured both right- and leftcircularly polarized emission. The total observed bandwidth can be varied from 1/8
to 4MHz in factor-of-two steps. These total bandwidths cover atotal velocity range
of 211 B km/s, where B is the total bandwidth in MHz. The channel separation
at a given bandwidth, B, is thus 1.65B km/s, while the width of an individual
velocity channel is 2.64B km/s. The central velocity of the observed spectra and the
observing time per pointing can be specified by the user.
The continuum contribution to the signal from agiven sky position is removed
by "frequency-switching." At each frequency a reference band (typically one total
bandwidth away from the HI line band, and assumed to consist of purely continuum
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signal) is observed and subtracted from the signal made up both continuum and line
emission. The final spectrum consists solely of HI line emission and absorption.
Images of the HI emission from a portion of the sky are created by collecting
spectra on a regular grid of points across the area of interest. To fully (Nyquist)
sample the emission the spectra are sampled every 16' in both right ascension and
declination (slightly more than two pointings per resolution element). For the low
spacing data used in the DRAO ST HI line maps, agrid of 16x16 pixels is imaged,
yielding a

40

x

40

field. The larger scale data presented in Chapter 2used alarger

32 x32 grid, and required four nights of observing per field as a 16 x16 subgrid was
observed each night.
The HI line data uses the standard calibration source S7 (Weaver and Williams,
1973) which is assumed to have apeak brightness temperature of 100 K. Channels at
the end of the observed spectra are assumed to be free of line emission and alinear
baseline is fit to these channels. After calibration the data were combined and the
final data cube produced.

A.1.2

The DRAO Synthesis Telescope

The DRAO ST presently consists of seven 9-m parabolic antennas deployed along a
600 in East-West baseline. Four of the antennas are fixed in position while the remaining three are moved along aprecision rail track with stations spaced at intervals
of 4.28 in. This is an upgrade of the previous arrangement, where two antennas were
fixed in position and two others moved along the railway track. A complete survey
using the present configuration consists of 12 observations, each of 12h duration, of a
given position on the sky. It is assumed that the variability of the sources in the field
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over this period is negligible. The three movable antennas are moved to different
positions for each of the 12 separate observations, such that atotal of 140 separate
baselines are sampled. The baselines sampled range from 12.9 to 613 m, spaced at
intervals of 4.28 rn. The baseline increment ensures that the first grating ring (from
asource at map center) is positioned well beyond the 20% attenuation point of the
primary beam of the 9-rn dishes. Large scale information, corresponding to antenna
spacings less than 12.9 in, is obtained from other radio surveys or from the DRAO
26-rn telescope described above.
The DRAO ST observes simultaneously in three separate modes: 74 cm continuum, 21 cm continuum, and the 21 cm spectral line of HI. The 74 cm (408 MHz)
band has atotal bandwidth of 4MHz and observations are only made in right-circular
polarization. The 21 cm ( 1420 MHz) continuum observations are made up of four
separate 7.5 MHz bandwidth bands, two each on either side of a 5 MHz "notch"
occupied by the HI line emission, for atotal observing bandwidth of 30 MHz. Observations at 21 cm are made in all four Stokes parameters. The rms noise at map
center, for a complete survey, is 3.3 mJy/beam at 74 cm, and 0.23 rnJy/beain at
21 cm.
The parameters for the HI line system are the same as outlined above for the
DRAO 26 in telescope. The HI line observations can be made in right circularly
polarized emission only or in both right- and left-circularly polarized emission (at
half the angular resolution).

When the telescope upgrade is complete it will be

possible to obtain full resolution maps in both right- and left-circularly polarized
emission.
The angular resolution of the instrument is determined by the maximum antenna
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separation, 604.3 rn.

At 21 cm the resolution is 1' x 1'csc6, while at 74 cm the

resolution is 3.5' x 3.5'cscS (RAxDeclination). At 74 cm the field-of-view is
while at 21 cm it is

8°

2.5°. More information on the DRAO ST can be found in

Roger et al. (
1973) and Veidt et al. (
1985). A discussion of the reduction of radio
astronomy data can be found in Thompson et al. ( 1991).

A.2

The Westerbork Synthesis Radio Telescope

The WSRT is composed of 14 antennas, each 25 m in diameter, arranged along an
East-West baseline. Ten of the antennas are fixed in position, while the remaining
four are movable. The 10 fixed antennae are spaced at increments of 144 in, while
the four movable ones are situated on railway tracks at one end of the array. The
shortest available baseline is 36 in and the total length of the array is 2.8 km.
At 21 cm the half-power field of view of the instrument is 0.6°, and the resolution is 13" x 13" csc S. The total bandwidth is 80 MHz, made up of 8 adjacent
10 MHz bands.

The use of several small bands, instead of one larger band, is

required to retain image fidelity over the full field-of-view of the telescope, while
retaining the sensitivity made possible by the wide bandwidth.
sensitivity of the WSRT at 21 cm is 0.043 mJy/beam.

The theoretical

More information on the

WSRT can be found in the WSRT User Documentation, available on the WWW at
littp://www.iifra.nl/nfra/wsrt-info.html.
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A.3

The Effelsberg lOOm Radio Telescope

The Effelsberg 100 in radio telescope is the world's largest fully steerable single
dish radio telescope. At the observing frequency of 1.4 GHz it has a resolution of
9'. The spectrometer has a total of 1024 channels, which can be used with 1, 2 or
4 polarizations (for a total of 1024, 512, or 256 channels respectively). The total
bandwidth can be as much as 100 MHz in width. With both hands of polarization
and atotal bandwidth of 1.5 MHz avelocity range of 150 km/s can be observed with
avelocity separation of 0.6 km/s. HI line observations are conducted in frequencyswitched mode. The system temperature at 1.4 GHz is 26 K.

A.4

The Five Colleges Radio Astronomy Observatory

The Five Colleges Radio Astronomy Observatory (FCRAO) consists of a 14m radio
telescope located near New Salem, MA.
The observations were made using the QUARRY system (Erickson et al., 1992), a
15 element focal plane array of receivers used for imaging large sections of sky which
operates from 86-116 GHz; for the observations in this thesis the J=1-0 line of

12 00

at 115 GHz was imaged. The system simultaneously uses two separate backends,
one 15x32 channels x 1MHz bandwidth, and the other 15x32 channels x 250 kHz.
These backends give avelocity resolution of 2.6 km/s and 0.65 km/s respectively. The
observation were made in position switching mode, where signal from an (assumed)
line free position on the sky is subtracted from the spectrum from the area of the
sky of interest.
Beginning January 1994 anew backend system, designed for higher velocity res-
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olution, was installed on the FCRAO. The observation reported in Chapter 4 used
the 512 channel system, with achannel separation of 0.203 km/s.

A.5

The Infra-red Astronomical Satellite

The Infrared Astronomical Satellite (IRAS) was acollaborative project between the
US, the Netherlands and UK. The satellite was operational for 10 months during
1983. One of the primary goals of the IRAS mission was to create an all-sky catalog
of sources at 12, 25, 60 and 100 microns.

The sky was observed in overlapping

strips, and 96% of the sky was observed at least twice. The time between separate
sky coverages was on the order of months. The primary mirror of the telescope was
0.6

in

in diameter and the resolution of the data varies between 0.5' at 12/.t and 2'

at 100g. More information on the IRAS mission can be found in Beichman et al.
(1988).
The IRAS was originally optimized to detect point sources, and several handstands were needed to actually image anything.

The first released images had a

uniform resolution of 8' for all bands and are referred to as the "skyfiux plates."
One set of skyflux plates exists for each coverage of the sky. Several processing algorithms, using data from all observations, have since been implemented to improve
the resolution of the images. The highest resolution which can presently be achieved
uses the HIRES algorithm.
The HIRES data is produced using the Maximum Correlation Method (Aumann
et al., 1990).

The process is iterative, producing higher resolution images with

increasing iterations. The level of the map artefacts also increases with number of

195
iterations.

The most obvious artefact in any IRAS image, and especially in the

HIRES maps, are the stripes in the in-scan direction. These stripes, streaks in the
image background, are thought to be the result of detector response variations in
adjacent scans.
Flux determinations in the HIRES data are thought to be good to

r'J

25%. This

large uncertainty is due largely to problems defining a background level when the
data undergoes processing.

A.6

The Röntgen Satellite

The Röntgen Satellite (ROSAT; Trümper et al., 1991) is an orbiting X-ray telescope
built, launched and operated by Germany, the UK and the US; it was launched in
1990. The X-ray mirror consists of four nested, grazing incidence mirrors having a
maximum aperture of 83.5 cm. The primary instruments on the satellite are the highresolution imager (HRI) and the position sensitive proportional counter (PSPC). As
the data presented in Chapter 4 were collected using the PSPC we will limit our
discussion to this instrument.
The PSPC has a 2° field-of view, obstructed somewhat by the struts of the
window support structure.

The PSPC can obtain 25" spatial resolution at lkev,

with an energy resolution of 6EIE

=

0.43(E/0.93)° 5,for objects at the pointing

centre; angular resolution degrades for objects off-axis but the spatial resolution
remains essentially constant. Further information on the ROSAT can be found in
the ROSAT User's Handbook ( Briel et al., 1994) and Trümper et al. ( 1991).
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