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ABSTRACT

‘I know nothing with any certainty but the sight

of the stars makes me dream.’

VINCENT VAN GOGH

This thesis investigates the question of whether supernovae (SNe) are im-

portant contributors of dust to the interstellar medium (ISM). Using far-infrared

(FIR) observations of 190 supernova remnants (SNRs) covered by the Herschel In-

frared Galactic Plane Survey (HiGal), we augment the current sample of dusty

SNRs with an additional 38 from which dust emission is newly detected. This gives

a 21 per cent detection rate of dust within SNRs in the Galactic Plane, although this

is expected to be a lower limit given confusion with the ISM in this region. The

majority of detected SNRs are young (< 5 kyr), as expected since these objects tend

to be more compact and have higher surface brightness, making them more eas-

ily detected above the level of the ISM. Nevertheless, we expand the age range of

SNRs containing dust to ∼ 100 kyr. Of our detections, 13 are from core collapse

(CC) and 2 from Type Ia SNe (24 are of unknown type). Consistent with previous

observations and theoretical models, we find that dust detected within the Type Ia

SNRs is not expected to be of ejecta origin, but is more likely to have been swept

up from the ISM. It is likely that many of our other detections are also dominated

by ISM, although there are several objects within which we expect that the FIR

emission originates from freshly formed ejecta material, including G350.1−0.3

We make new discoveries of ejecta dust within pulsar wind nebulae (PWNe)

associated with three SNRs: G11.2−0.3, G21.5−0.9, and Kes 75. Using point pro-

cess mapping (PPMAP) to analyse the FIR emission indicates the presence of dust

within each object with temperatures between 20 and 40 K, and a PWN dust mass
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of 0.34± 0.14 M�, 0.29± 0.08 M�, 0.51± 0.13 M� for G11, G21, and Kes 75 respec-

tively. This suggests that SNe are important contributors of dust to the ISM, and

PWNe in particular may play an important role in this. Although some of this

dust may yet to be destroyed, there is evidence that the reverse shock has already

reached the centre of G11, leaving behind a considerable mass of surviving dust.

We use PPMAP further in an attempt to examine the dust properties, by studying

the emissivity index, β. The signal-to-noise in the longer wavebands is too low to

constrain β for G11 or Kes 75; however, we find some evidence of a variation in the

dust properties of ejecta dust within G21 (β = 1.4± 0.5), compared with that of the

surrounding ISM (β = 1.8± 0.1).

We study the dust within 11 of the other detected SNRs which are in regions

with limited ISM variation, making background subtraction and thus dust analy-

sis possible. By producing temperature maps, using their 24 – 70 µm flux ratios, we

reveal the presence of warm dust (25 - 40 K) within all of these objects. For the ob-

jects with associated distance estimates, this analysis gives dust masses of between

0.2 and 340 M�, some of which are extremely large compared to the typical com-

bined mass of freshly formed and swept up material. It is most likely that, despite

careful background subtraction, the largest of these masses are overestimated due

to contaminating ISM, which reduces the average dust temperature. As the dust

mass is highly sensitive to even small changes in the estimated temperature, ISM

confusion is the largest barrier to overcome when analysing the dust content of

SNRs within the Galactic Plane.

We detect a region of dust coincident with a strange radio source at the

centre of G351.2−0.1. Previous studies have suggested that this could a PWN,

or simply an unrelated HII region; we therefore attempt to determine its nature

using FIR observations. Its spectral energy distribution (SED) suggests that the re-

gion consists of two dust components: (3.9± 0.4)× 10−6 M� of warm dust with a

temperature of 242± 7 K, and 0.18 M� of cool dust with a temperature of 45.8 K.

The temperature of the dust is higher than typical for a HII region, although not

unheard of, and when considering the IR colours the emission from the core is con-

sistent with either a HII region or SNR. We therefore cannot rule out either option

based only on the IR emission, and the G351.2 core could be either an unrelated

HII region, or a PWN with a considerable dust mass.
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A large region of dust was detected within a very unusual object known as

the Tornado, G357.7−0.1. This is an object with a very uncertain past, which, it has

been suggested, could have been formed by a SN or an X-ray binary. We detect

FIR emission from multiple components of the Tornado: a filamentary structure

within the tail region, peaks within the head, and an unrelated HII region dubbed

the ‘eye’. Using PPMAP we reveal complex dust structures within the Tornado

head and tail with temperatures between 15 and 61 K, and a total dust mass for the

head of 16.7 M�. Within the head there is clear variation in the IR emission: an IR

peak is detected to the north-west where the head is thought to be expanding into

dense molecular material, and there is IR emission along radio filaments found

towards the east. Comparing the IR and IR – radio colours highlights a variation

in the emission from the two regions, suggesting that the dust properties or heat

processes are different. When considering the nature of the Tornado, the head can

be explained by a SNR aged between 2 and 8 kyr, with a large mass of dust swept

up from the dense surrounding material. However, the tail is bizarre and more

difficult to explain with a SN origin. We find it unlikely that it was formed by a

progenitor prior to exploding. The structures in the tail could have been formed by

jets from an X-ray binary, and we propose that the Tornado is similar to the W50 –

SS 433 system, in which the jets of an X-ray binary plough into the SNR shell.

This thesis has found a considerable dust mass contained within numerous

Galactic SNRs, with several examples of newly detected ejecta dust. In particular,

PWNe seem to be significant in the search for dusty SNRs. These findings suggest

that SNe are important contributors of dust to the ISM.
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CHAPTER 1
INTRODUCTION

‘Would you like an adventure now, or shall we
have our tea first?’

LEWIS CARROLL, ALICE IN WONDERLAND

1.1 COSMIC DUST

Astronomers have long been confused by voids in the sky where there is
an apparent lack of stars, but it is a relatively new idea that these ‘holes’ might be
more than just that.

Only at the start of the 19th century was it suggested by William Herschel
that space might contain more than just stars (Herschel, 1811). The first evidence
of cosmic dust came soon after, when Wilhelm Struve hypothesised that starlight
might be absorbed in some way, finding that the numbers of stars seems to decline
with distance (Struve, 1847). It was later found that at least some of the ‘star voids’
contained interstellar clouds which were absorbing and scattering light (Barnard,
1907), although the theory did not gain traction and even Kapteyn, who recog-
nised its significance (Kapteyn, 1909), did not include extinction in his other work.
Finally, in 1930 Robert Trumpler proved the extinction effect by studying the lu-
minosity and size of star clusters. By comparing the light from different spectral
types, Trumpler demonstrated that interstellar extinction is a function of wave-
length, and that this is caused by small, solid particles known as cosmic ‘smoke’
or dust (Trumpler, 1930).
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Dust transforms our view of the Universe, having absorbed around half of
all the stellar light emitted since the Big Bang (Puget et al., 1996; Fixsen et al., 1998;
Dole et al., 2006; Driver et al., 2016). Dust obscures some of the most interesting
astronomical events, from young stars in the Milky Way to the formation of new
galaxies at high redshift. Hot sources radiate UV and optical light, heating en-
shrouding dust which re-radiates infrared light. Only by understanding dust can
we learn about the objects that it hides from us.

However, dust is not just a hindrance obstructing our view of more inter-
esting objects, it is involved in many processes which shape the Universe. Just
after the Big Bang the Universe contained only very light elements: hydrogen, he-
lium, and some traces of lithium. Heavier elements were synthesised by stars, and
the majority of interstellar metals (e.g. C, Si, Mg, Fe, Al, Ti, Ca) in galaxies are
now locked up in dust grains, ranging in size between ∼10 nm and ∼10 µm (e.g.
Mathis et al., 1977; Kim et al., 1994; Kim & Martin, 1994; Jones et al., 1996). As
such, dust gives us a window through which we can view the chemical evolution
of the Universe (e.g. Popping et al., 2014; De Vis et al., 2019). These dust grains
are key to the formation and survival of molecules such as molecular hydrogen,
acting as a catalyst for chemical reactions (Gould & Salpeter, 1963), and shielding
them from radiation fields. Dust emission can be used to trace the gas within a
galaxy and to estimate the total ISM mass to higher accuracy than previous meth-
ods (e.g. Hildebrand, 1983; Boselli et al., 2002; Eales et al., 2012), thus revealing to
us the evolutionary path of galaxies (e.g. Dunne et al., 2011; Beeston et al., 2018;
Millard et al., 2020). Although seemingly insignificant, tiny dust grains also serve
as the seeds for planetary formation, condensing into protoplanetary discs which
collapse into planetesimals to form planets, such as those in our Solar System (e.g.
Goldreich & Ward, 1973). Dust is involved in astronomical processes at all levels,
and to explain how our Solar System came to be and how the Universe continues
to evolve we must understand cosmic dust and its origins.

1.2 SUPERNOVAE AND THEIR REMNANTS

As will be discussed in Section 1.3, supernovae (SNe) play an important role
in the formation and destruction of cosmic dust.

SNe are the very dramatic, explosive death of stars and are categorised into
two main groups: the thermonuclear detonation of degenerate stars known as
Type Ia SNe, or the core collapse of high mass stars (> 8 M�). SNe of the most
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Main Sequence Mass, M� Supernova Type Remnant
. 8 Type Ia, thermonuclear SNR, no compact object
∼ 8 – 10 Core collapse, electron capture Neutron star
∼ 10 – 100 Core collapse, Fe dissociation Neutron star
∼ 100 – 130 Pulsational pair-instability Neutron star
∼ 130 – 260 Pair-instability None

& 260 ?† Black hole

Table 1.1: The fate of stars of various mass which die as SNe, assuming non-
rotation (Woosley et al., 2007). †The most massive stars disappear quietly into
black holes, but are included here for completeness.

Figure 1.1: Process of classifying SNe, based on emission lines in their optical spec-
tra, and the shape of their light curve.

massive progenitors (> 100 M�) are the results of pair instabilities at the core. Ta-
ble 1.1 gives the expected route of SN for various stellar initial mass. In most cases,
a nebula of stellar material is left behind from the explosion, initially comprising
material ejected during the SN. This supernova remnant (SNR) expands into the
surrounding ISM, sweeping up material and shaping the local environment.

SNe are classified by the system in Figure 1.1, based on line emission in
their optical spectra and the shape of their light curve (e.g. Turatto, 2003, and
therein). These observations vary for different progenitors and explosion mech-
anisms. Type I SNe are characterised by a lack of hydrogen (Minkowski, 1941).
The progenitors of these types are either very massive stars which have expelled
their hydrogen shell prior to exploding (Type Ib/c), or degenerate carbon-oxygen
(CO) cores (Type Ia), in which case silicon is also detected due to CO fusion (Elias
et al., 1985; Wheeler & Harkness, 1990). Further classification of Type I SNe is
based on the presence of helium which may also be expelled from a massive core-
collapse progenitor shell. Type II SNe result from the core collapse of massive stars
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Figure 1.2: The single degenerate route for a Type Ia supernova: a binary system
involving a star which has filled its Roche Lobe and feeds the accretion disc of a
White Dwarf progenitor.

which have retained at least part of their hydrogen shell. Other spectral features
are used to classify these SNe, including narrow hydrogen lines (Type IIn) which
arise from interactions with CSM, and a plateau in the SN light curve (Type IIP)
due to recombination in the hydrogen envelope.

1.2.1 TYPE IA SUPERNOVAE

The most widely accepted route for a Type Ia SN involves a degenerate star
which reaches the Chandrasekhar mass by accretion, at which point the centre ig-
nites, and triggers an explosion (e.g. Whelan & Iben, 1973). The white dwarf (WD)
progenitor evolves alongside a lower mass star in a binary system (e.g. Hoyle &
Fowler, 1960; Nomoto et al., 1997). The companion, which can be either degenerate
or non-degenerate, fills its Roche lobe and forms a hydrogen-helium accretion disc
or envelope around the carbon-oxygen WD, as shown in Figure 1.2. The extra mass
causes the WD to contract and heat, and material at the core-envelope interface ig-
nites, initially forming a pure helium layer and then adding carbon and oxygen
to the core. Carbon at the centre ignites when the core reaches the Chandrasekhar
limit, the burning propagates outwards and causes the star to go supernova.

A WD can also go supernova with a sub-Chandrasekhar mass (Woosly &
Weaver, 1994), the most popular theory for which is double-detonation (e.g. Iben &
Tutukov, 1984; Webbink, 1984). Similar to the previous channel, a CO WD accretes
a helium layer from a donor star; however, in this case the helium ignites before the
star reaches the Chandrasekher mass and causes a powerful shock-wave inwards.
This compresses the CO which ignites and sets off outwards detonations (Weaver
& Woosley, 1980; Nomoto, 1980, 1982a,b; Sutherland & Wheeler, 1984).
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Figure 1.3: The structure of high mass stars before exploding as core collapse su-
pernovae. Left: stars with a main sequence mass of . 10 M� become super-AGB
stars towards the end of their lives, and explode as electron-capture SNe. Right:
more massive stars (10 . M . 100 M�) form an iron core and collapse by iron
dissociation.

1.2.2 CORE COLLAPSE SUPERNOVAE

Stars with Main Sequence masses of more than 8 M� end their lives as core
collapse SNe (CCSNe). After burning through the hydrogen reserves at their core
these stars leave the Main Sequence and continue to form layers of progressively
heavier and more stable elements, as shown in Figure 1.3. Each higher stage
of nuclear burning is less efficient than the last as the energy lost to neutrino-
antineutrino pairs increases, and the star’s evolution accelerates considerably. When
the central temperature reaches ∼ 109 K the neutrino losses are greater than radia-
tion losses and the evolution of the core separates from the surrounding shell. The
core loses gravitational stability as it loses energy and continuously contracts, with
the final process by which it implodes depending on the progenitor mass.

Smaller progenitors of less than∼10 M� are triggered through electron cap-
ture (Poelarends et al., 2008). These stars form an oxygen-neon-magnesium core
through carbon burning, which is supported by electron degeneracy pressure (Nomoto,
1984, 1987; Miyaji & Nomoto, 1987; Poelarends et al., 2008). The core grows in
mass and density as the shell continues to burn hydrogen and helium, and the
star becomes a super-asymptotic giant branch star (SAGB) (Siess, 2007; Nomoto
et al., 2014). Eventually the star’s core passes a critical density, when it reaches the
Chandrasekhar mass (Nomoto, 1984), at which point magnesium nuclei begin to
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capture electrons, reducing the degeneracy pressure; the core becomes gravitation-
ally unstable and collapses (Miyaji et al., 1980; Miyaji & Nomoto, 1987; Hashimoto
et al., 1993).

In progenitors with a larger mass (∼10 – 100 M�, e.g. Janka, 2012) nuclear
fusion continues to produce heavier elements until an iron core is formed. The core
becomes unstable when it reaches extremely high temperatures of ∼ 1010 K. The
resulting high energy radiation causes the photo-dissociation of iron nuclei into
α-particles and nucleons, causing the core to contract. As the density increases,
electron capture accelerates, and implosion speeds up.

Collapse stops suddenly when the core reaches nuclear density due to the
short range repulsion of the strong force. The inner core rebounds, causing a su-
personic crash into in-falling matter, and a shock front forms. The compact core
remains after the star has exploded.

1.2.3 PAIR INSTABILITY SUPERNOVAE

The most massive stars (&100 M�) experience pair instability towards the
end of their lives. Because of very high temperatures (109 K) at the core, high en-
ergy radiation produces electron and positron pairs, decreasing the internal radia-
tion pressure (Fowler & Hoyle, 1964; Rakavy & Shaviv, 1967). The star’s core be-
gins to contract, increasing the temperature and causing rapid carbon, oxygen, and
possibly silicon burning. For very massive stars (&260 M�) the core collapses com-
pletely to a black hole. However, for less massive stars, energy from the burning
reverses the collapse and the star may explode as a pair instability SN, leaving no
remnant behind (e.g. Ober et al., 1983; Bond et al., 1984; Glatzel et al., 1985; Heger &
Woosley, 2002; Umeda & Nomoto, 2002; Scannapieco et al., 2005; Woosley & Heger,
2015). If there is insufficient burning for the star to explode (95.M∗ .130 M�), the
core expands and expels material from its outer layers, before again contracting
and experiencing pair instability. The process repeats and may be observed as
a pulsational pair instability supernova (e.g. Woosley et al., 2007; Chatzopoulos &
Wheeler, 2012; Yoshida et al., 2016; Woosley, 2017). Once enough material has been
expelled such that pair instability is avoided, the star forms an iron core and dies
as a core collapse supernova.

1.2.4 SUPERNOVA REMNANT EVOLUTION

After a supernova, the remnant continues to evolve, going through four
main stages of evolution as described in Figure 1.4 (Woltjer, 1972).
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Figure 1.4: The radius and velocity of a core collapse SNR as it progresses through
the stages of evolution. The time-frames vary depending on the density of the
surrounding ISM and the progenitor type. Reproduced from Micelotta et al. (2018).

Figure 1.5: A SNR expanding into the ISM. A forward shock propagates into the
ISM, sweeping up a shell of shocked material. Interaction with the ISM sends
a reverse shock back towards the centre of the SNR where the unshocked ejecta
material is found.
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Initially the SNR shock expands freely into the ISM at supersonic speeds
(e.g. Blandford & Ostriker, 1978), such that its shock radius is given by R ≈ vet,
where ve is the expansion velocity and t is the time since explosion. Interstellar
gas accumulates behind the shock front which is heated to very high temperatures
and has a mass given by:

M ≈ 4
3

πR3ρ0 =
4
3

π(vet)3ρ0 (1.1)

where ρ0 is the initial ISM density.

A contact discontinuity forms between ejecta and the swept up material,
that is that the material have the same pressure and velocity but different densities.
The reverse shock begins to form behind the contact discontinuity (Mckee, 1974;
Cioffi et al., 1988), as shown in Figure 1.5 and then starts to move back towards
the centre of the SNR, heating the ejecta material. The free expansion phase ends
when the swept up mass is equal to the ejected mass.

After reverse-shock heating, the ejected material is extremely hot, its atoms
are ionised and no recombination can occur. Radiation losses are very small and
the SNR expands adiabatically, cooling only via its expansion (Taylor, 1950; Sedov,
1959). At this stage the radius and velocity (Truelove & McKee, 1999) are given by:

R ≈
(

5
2

)2/5( E
πρ0

)1/5

t2/5 (1.2)

ve ≈
(

2.1
2

3π

0.7E
ρ0

)1/2

R−3/2 ∝ t−3/5 (1.3)

where E is the SN explosion energy.

There is efficient radiative cooling when the SNR reaches temperatures of
106 K as ionised atoms de-excite and capture free electrons (Dubner & Giacani,
2015). This causes thermal pressure in the post-shock to decrease and the expan-
sion slows down (Cioffi et al., 1988). During this stage the radius and velocity can
be given by:

R ≈ R0

(
1 + 4

V0

R0
(t− t0)

)1/4

∝ t1/4 (1.4)

V = V0

(
1 + 4

V0

R0
(t− t0)

)−3/4

∝ t−3/4 (1.5)

where R0, V0, and t0 are initial radius, volume, and age of the SNR when it
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Figure 1.6: Left: A composite SNR comprising an expanding shell and reverse
shock, as in Figure 1.5, as well as a pulsar near to the centre which powers the
PWN surrounding it. Right: A pulsar powers a relativistic wind which interacts
with the surrounding medium to form a termination shock, beyond which the
PWN is found.

enters this stage of evolution.

Finally the Rayleigh-Taylor instability causes the SNR shell to break up and
the material disperses into the ISM.

1.2.5 PULSAR WIND NEBULAE

In 1968 a strange pulsing radio signal was detected for the first time (Hewish
et al., 1968). Although initially attributed to ’Little Green Men’, it was soon estab-
lished that this was a pulsar, a rotating neutron star which emits radiation from its
magnetic poles. Pulsars were detected soon after within the Crab and Vela nebu-
lae (Lovelace et al., 1968; Large et al., 1968; Staelin & Reifenstein, 1968), confirming
the prediction from just over 30 years earlier that some SNe could produce neutron
stars (Baade & Zwicky, 1934).

We now know that high mass stars collapse into neutron stars as CCSNe,
as described in Section 1.2.2. Young pulsars are surrounded by a bubble of rel-
ativistic electrons and ionised atoms, as shown in Figure 1.6, known as a pulsar
wind nebula (PWN), the evolution of which is dictated by the properties of the
pulsar and interactions with the surrounding SNR. PWNe are observed to have a
centre-filled morphology, a flat radio spectrum, and non-thermal emission across
the electromagnetic spectrum.
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Figure 1.7: The Crab Nebula across the spectrum: a composite image of the ra-
dio (VLA, red), IR (Spitzer, yellow), optical (Hubble Space Telescope, green), UV
(XMM-Newton, blue), and X-ray emission (Chandra, purple). The X-Ray emis-
sion shows a toroidal shape with perpendicular jets. At lower energies there is a
large shell of material with filamentary features formed by interactions between
the nebula and the surrounding SN ejecta it is expanding into. Image credit:
NASA, ESA, G. Dubner (IAFE, CONICET-University of Buenos Aires) et al.; A.
Loll et al.; T. Temim et al.; F. Seward et al.; VLA/NRAO/AUI/NSF; Chandra/CXC;
Spitzer/JPL-Caltech; XMM-Newton/ESA; and Hubble/STScI

When a pulsar is formed in a CCSN, asymmetry of the explosion gives the
pulsar a random velocity which is small compared to the initial expansion veloc-
ity of the SNR blast wave, and the pulsar is found roughly central to the SNR
(Gaensler & Slane, 2006). This may be observed as a composite SNR, as in Fig-
ure 1.6, if the SNR has swept up a shell of ISM. A small amount of the pulsar’s ro-
tational energy goes into pulses of emission as detected by Hewish et al. (1968), but
the majority is depleted as it powers highly relativistic, magnetised winds made
up of electron-positron pairs (Rees & Gunn, 1974). The pulsar wind has a very
high pressure and expands supersonically, driving a shock into the surrounding
ejecta, called the termination shock (Kennel & Coronitti, 1984). At this boundary
the wind is thermalised, the magnetic field is compressed, and relativistic par-
ticles from the wind are accelerated to ultra-relativistic speeds with energies of
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up ∼ 104 TeV (Reynolds & Chevalier, 1984; Hester, 2008). This forms the PWN:
a plasma of relativistic, magnetised particles which emits synchrotron radiation.
The nebula sweeps up a shell of SN ejecta as it expands supersonically into the
SNR. This shell is more dense than the expanding plasma, and Rayleigh-Taylor
instabilities lead to filamentary features which are photoionised by synchrotron
radiation from the surrounding nebula, as seen in the Crab Nebula in Figure 1.7
(Hester et al., 1996).

After a few thousand years, when the SNR is in its Sedov Taylor phase of
evolution, the reverse shock moves towards the centre of the SNR and collides
with the PWN. As the PWN is compressed its pressure increases, triggering sud-
den expansion (Reynolds & Chevalier, 1984). Reverberations cause the PWN to
oscillate over several thousands of years, during which time there is mixing of the
SNR material and PWN, producing complicated filamentary structures of thermal
and non-thermal material (Chevalier, 1998) and increasing the flux density of the
PWN (van der Swaluw et al., 2001). As the reverberations fade, the PWN begins to
expand steadily into the hot, shocked ejecta at a subsonic speed (van der Swaluw
et al., 2001).

The pulsar continues to travel through the SNR, moving outside of its orig-
inal PWN which is left as a relic, whilst a new, smaller nebula forms around it
(van der Swaluw et al., 2004). As the SNR cools, the relative pulsar motion be-
comes supersonic and it forms a bow shock though the SNR (Chevalier, 1998;
van der Swaluw et al., 1998). Eventually the pulsar escapes SNR shell and con-
tinues to propagate through the ISM (van der Swaluw et al., 2003).

1.2.6 GREEN’S CATALOGUE OF GALACTIC SNRS

This thesis relies on Green’s Catalogue of Galactic supernova remnants (Green,
2014, 2019). Initially compiled in 1984, the catalogue is now in its 8th revision and
includes a detailed online version which was first made available in 1995. The cur-
rent (2019) iteration includes 294 SNRs which were identified by studies across the
EM spectrum, and the detailed version includes information about objects which
were previously mis-identified as SNRs. The 2019 catalogue consists of 80% shell
type SNRs, 13% composite, and 3% filled-centre, where the remaining objects ei-
ther do not fit with conventional types, or their type is unclear.

Green (2019) discusses the selection effects which limit the detection of Galac-
tic SNRs, where these are mostly dominated by selection effects in the radio re-
gion. Detections are difficult where an object has low surface brightness or has a
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small angular size, associated with young and distant SNRs. No SNRs have been
added to the catalogue since 2009 which have a 1 GHz surface brightness above
Σ ≈ 10−20 Wm−2Hz−1sr−1, and only 9 SNRs in the catalogue have an angular
diameter of ≤ 3′.

1.3 DUST FORMATION, DESTRUCTION, AND HEATING

1.3.1 THE MYSTERIOUS ORIGINS OF COSMIC DUST

Dust grains form from gas by a similar process to that of water droplets in
the Earth’s atmosphere (Salpeter, 1974), explained by classical nucleation theory
(CNT, Feder et al., 1966). For a gas below the condensation temperature of a ma-
terial, when the density of that material is high enough it begins to condense into
clusters, as particles in the gas encounter each other. When clusters reach a critical
size, growth becomes more rapid and clusters become macroscopic. Unlike con-
densation of water droplets, chemical reactions bind dust clusters, and the cluster
materials are different to the gas particles from which they condense.

A large amount of Galactic dust is produced in over-densities within the at-
mospheres of low-to-intermediate-mass stars (LIMS) along the Asymptotic Giant
Branch (AGB) stage of evolution (e.g. Matsuura et al., 2009; Ventura et al., 2014;
Schneider et al., 2014; Dell’Agli et al., 2015, 2017). Dust grains can form between
two boundaries within which the star’s envelope has a temperature and density
above that of the average ISM, and the shell is below the dust condensation tem-
perature of around 1500 K, these bounds are typically around 10 and 104 times the
star’s radius (Whittet, 1992). The dust composition depends on the type of star and
the ratio of carbon-to-oxygen (C/O) within the atmosphere, as the least abundant
will be almost completely locked up in CO gas (Gilman, 1969). The atmospheres
of oxygen-rich stars are usually dominated by silicate dust, and amorphous car-
bon dust dominates carbon-rich stellar atmospheres. Initially, AGB stars, within
the Milky Way, have atmospheres with C/O of ∼ 0.5, however, for stars above
around 2 M� at solar metallicity (this limit is lower at lower metallicity) (Karakas
& Lattanzio, 2007; Höfner & Olofsson, 2018), newly formed carbon is dredged
up by thermal pulses (Straniero et al., 1997). This makes the atmosphere increas-
ingly carbon-rich and alters the dust composition as the star evolves (Marigo et al.,
1996). Periodic pulsational instabilities cause variations in temperature and den-
sity throughout the atmosphere, causing cycles of grain nucleation, growth, and
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ejection into the ISM. Newly formed dust grains absorb and scatter stellar pho-
tons, transferring the photon momentum to the dust grains, which in turn accel-
erate the surrounding gas (Bowen, 1988). This creates outflows from the star’s
atmosphere and forms an envelope of circumstellar material (CSM) (e.g. Höfner
et al., 1998; Höfner & Andersen, 2007). AGB stars typically have mass loss rates
of 10−8 – 10−5 M� year−1 (e.g. Zhukovska & Henning, 2013; Matsuura et al., 2013;
Schneider et al., 2014; Dell’Agli et al., 2017), which increases as the star evolves and
pulsational activity increases, and can be higher than 10−4 M� year−1 in extreme
objects (Höfner & Olofsson, 2018).

Although it is widely accepted that AGB stars are an important source of
dust, studies of dust production and destruction rates in local (e.g. Matsuura et al.,
2009; Dunne et al., 2011; Mattsson et al., 2014; De Vis et al., 2017) and high-redshift
galaxies (e.g. Morgan & Edmunds, 2003; Dwek et al., 2007; Michałowski et al., 2010;
Gall et al., 2011a,b,c; Rowlands et al., 2014; Michałowski, 2015) have indicated a
discrepancy of up to an order of magnitude between the mass of dust observed
in the ISM of galaxies, and the production rate of AGB stars. This is especially
problematic at redshifts of z≥ 5 where the age of the Universe is comparable to
the evolutionary timescale of low-mass evolved stars (108 − 109 yr) and yet large
masses of dust are observed (e.g. Morgan & Edmunds, 2003; Bertoldi et al., 2003;
Dwek et al., 2007; Watson et al., 2015). Some argue that LIMS could evolve more
rapidly and contribute significant masses of dust after only 150 – 500 Myr (Valiante
et al., 2009) or that very high mass Population III stars could form large masses of
carbon grains (Nozawa et al., 2014), yet this is highly dependent on the initial mass
function and metallicity (Dwek & Cherchneff, 2011; Ventura et al., 2012, 2014; Di
Criscienzo et al., 2013; Dell’Agli et al., 2017).

It has been proposed that dust formation by SNe can account for the short-
fall in the dust budget, and that they must be the dominant source of dust at high
redshift (e.g. Dunne et al., 2003; Bianchi & Schneider, 2007; Kozasa et al., 2009;
Gall et al., 2011c; Sarangi & Cherchneff, 2015). With lifetimes of up to only tens
of millions of years, massive stars evolve much more quickly than LIMS, and SNe
can inject dust into the ISM with a more immediate effect than AGB stars. Dur-
ing the explosion, shock waves trigger explosive nucleosynthesis which lasts for
a few hours, until expansion cools the gas enough to stop the reactions (Todini &
Ferrara, 2001). Heavy elements are formed very quickly within the ejecta and the
final composition of the dust depends on how well these elements are mixed in
the He-rich layer (e.g. Nozawa et al., 2003; Cherchneff & Lilly, 2008; Cherchneff &
Dwek, 2009). Silicate and carbon grains can form in the ejecta just a few hundred
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days after the explosion (Kozasa et al., 1991; Todini & Ferrara, 2001; Nozawa et al.,
2003) and models suggest that SNe can produce between 0.1 and 1.0 M� of dust in
their ejecta (Todini & Ferrara, 2001).

1.3.2 DUST DESTRUCTION

Dust formation by SNe is no longer a controversial idea; however, there is
still the issue of how much of this dust, if any, can survive to be injected into the
ISM (e.g. Micelotta et al., 2018). Interactions between SNRs and the ISM trigger
forward and reverse shocks which propagate through the surrounding ISM and
the ejecta within the SNR respectively. Shocks heat gas and dust as they pass,
and can cause substantial destruction of dust grains (e.g. Jones et al., 1996; Kozasa
et al., 2009; Bocchio et al., 2016). Destruction occurs by two processes: sputtering
and shattering. Sputtering describes the erosion of dust grains by impacts with
energetic gas particles or ions which are accelerated either thermally, by high tem-
peratures, or non thermally, e.g. by magnetic fields. Grains can also be shattered
or evaporated by collisions with each other.

There is huge uncertainty in the survival rates of dust after the passage of
the reverse shock, with estimates varying from near to 0 to 100 % (e.g. Jones et al.,
1996; Bianchi & Schneider, 2007; Nozawa et al., 2007; Nath et al., 2008; Sankrit et al.,
2010; Silvia et al., 2010, see also Micelotta et al., 2018, Table 2). Simulations of dust
destruction in the ISM and SNe suggest that sputtering is responsible for a large
amount of dust destruction (e.g. Jones et al., 1997; Bocchio et al., 2014; Micelotta
et al., 2016) and destruction rates of up to 3.7× 10−2M�yr−1 have been estimated
for SNRs in the Magellanic Clouds (Temim et al., 2015). However, the extent of
dust destruction by shocks is dependent on a range of factors which affect the
properties of the ejecta, such as the progenitor type, the ejecta composition, ejecta
clumpiness and density and the metallicity, as well as external factors including
the local density and the SN shock velocity.

The size of dust grains has a huge influence on the likelihood of their sur-
vival as small dust grains (≤ 0.1 µm) are destroyed by sputtering with a higher
efficiency, and are more easily trapped in the encroaching gas behind a reverse
shock (Nozawa et al., 2007, 2010; Kozasa et al., 2009; Silvia et al., 2010). The grain
size is determined in part by the evolution of the progenitor star prior to explod-
ing. Where a progenitor expels all or most of its hydrogen shell (e.g. Type Ib/c
or Type IIb SNe progenitors) it leaves only a thin hydrogen envelope around its
SNR, which cannot significantly decelerate the expanding He core. As a result,
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the ejected material has a gas density which is too low for large dust grains to
form (e.g. Nozawa et al., 2008, 2010; Kozasa et al., 2009). Additionally, the reverse
shock reaches the dust forming region early, with a relatively high gas density be-
hind the shock, and efficiently destroys newly formed dust. The clumpiness of
the ejecta also impacts the grain size, and therefore the survival rate (Silvia et al.,
2010) as dust clusters form earlier in clumpy ejecta, giving more time for grains to
grow before the reverse shock reaches them (Sarangi & Cherchneff, 2015). Dust in
clumps is also protected from sputtering, especially when paired with dense ejecta
(Biscaro & Cherchneff, 2016; Priestley et al., 2019; Kirchschlager et al., 2019).

1.3.3 WHICH SNE FORM DUST?

As discussed in Section 1.3.2, the injection rate of dust to the ISM is highly
dependent on the SN types, which are described in Section 1.2. This is mainly due
to the difference in the mass of hydrogen which envelops the SN, as this affects the
expansion of the He core and thus the size of grain which can be formed, and the
time at which the reverse shock reaches the ejecta.

Theoretical models suggest that Type Ia SNe, such as Tycho or Kepler, con-
tribute large amounts of heavy elements which may be involved in grain growth
in molecular clouds, and between 0.1 and 1.0 M� of dust can be formed in the SN
(Nozawa et al., 2011). However, the lack of a H-envelope and the small radii of
the grains (≤0.01 µm) mean that the dust is trapped by a reverse shock that ar-
rives relatively early on (<500 yr) and the consequent sputtering is highly efficient
(Nozawa et al., 2011). Consistent with observations, which have not found any
ejecta dust associated with Type Ia SNRs (Gomez et al., 2012a), it is expected that
there is complete destruction of any dust formed by a Type Ia SN.

In CCSNe the likelihood of dust surviving is conditional on the progeni-
tor mass, as massive stars (>25 M�) are stripped of their hydrogen envelope, and
theory indicates that this makes dust survival unlikely (e.g. Kozasa et al., 2009;
Nozawa et al., 2010). There is observational (e.g. Elmhamdi et al., 2004; Di Carlo
et al., 2008; Kankare et al., 2014) and theoretical evidence (Nozawa et al., 2008) of
dust formation in hydrogen deficient SNe (Type Ib/c and IIb) at early times and
they are likely to form large masses of dust, as detected in the Type IIb SNR Cas A
discussed above. Yet, like Type Ia SNRs, the dust grain size distribution is bottom
heavy and it is efficiently destroyed by the reverse shock (e.g. Nozawa et al., 2010;
Biscaro & Cherchneff, 2014, 2016). Nevertheless, there is observational evidence of
shocked ejecta dust in Cas A, suggesting that some grain compositions may be less
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susceptible to destruction or that fast moving material is more likely to escape (De
Looze et al., 2017).

The most common sites for the detection of freshly formed SN dust are in
Type IIP and IIn SNe/SNRs. Type IIP SNe suffer the least amount of stripping of
their hydrogen envelope, leaving them with a He core which is typically 102− 103

times as dense as that of a SN IIb (e.g. Sarangi et al., 2018). Type IIP are considered
the most effective SN type for the synthesis of dust (e.g. Sarangi & Cherchneff,
2015; Biscaro & Cherchneff, 2016; Matsuura, 2017) and, as the most abundant SN
type in our local universe (Barbon et al., 1979), models predict that they could
produce enough dust to account for the budget shortfall discussed in Section 1.3.1
(e.g. Nozawa et al., 2010). Unlike SNe IIP, dust in Type IIn is expected to form in
both the ejecta and the post-shock region between the CSM and SN ejecta (e.g.
Smith et al., 2012b) and dust has been detected in both regions (e.g. Smith et al.,
2012a; Gall et al., 2014; Bevan et al., 2019)

1.3.4 DUST HEATING

Dust is heated via two processes, where the dominance of each depends on
the environment and has implications for the temperature that the dust can reach.
Predominantly, cosmic dust is heated radiatively, absorbing photons from the in-
terstellar radiation field (ISRF), which is made up of mainly stellar radiation. In
the solar neighbourhood, the ISRF has a mean energy density of ∼ 7× 10−14 Jm−3

(Whittet, 1992), although it varies depending on the objects in the region. If dust
is located in an X-ray plasma, such as in a SN shock, it is also heated by collisions
with energetic gas particles, and the energy that it absorbs depends on the parti-
cle energy and the dust properties. The radiative and collisional heating rates are
given by:

Hrad = πa2〈Qν〉cU (1.6)

Hcoll = πa2
(

32
πme

)1/2

ne(kTe)
3/2h(a, Te) (1.7)

where a is the grain radius, 〈Qν〉 is the Planck averaged absorption coeffi-
cient (Draine & Lee, 1984), U is the radiant energy density and cU is the irradiance
or incident flux, ne is the electron density, Te is the gas temperature, and h(a, Te) is
the grain heating efficiency which is equal to ∼1 for most temperatures and grain
sizes (Dwek et al., 1987; Arendt et al., 1999).
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Small grains (a . 50 Å) are stochastically heated such that their tempera-
tures vary over short periods of time as the energy deposited by an incident pho-
ton or particle is much greater than the internal energy of the grains. As such,
small grains peak in temperature at the time of absorbing a photon, and cool sig-
nificantly as they quickly re-radiate the absorbed energy (Dwek & Arendt, 1992).
Larger grains (a & 200 Å) however have a more steady temperature (Draine, 2003).
The grains are at an equilibrium temperature when their absorption rate is equal
to their emission rate, as the heating and cooling processes act equally:

Hrad + Hcoll = L = 4πa2σT4
d 〈Q(a, Td)〉. (1.8)

For dust heated only by radiation, the dust temperature is given by:

Td =

(
〈Qν〉

(a, Td)〉
cU
4σ

)1/4

. (1.9)

In SN shocks and X-ray plasmas, collisional heating dominates over radiative, and
the dust temperature is given by:

Td =

 (
32

πme
)1/2ne(kTe)3/2h(a, Te)

4σ(a, Td)〉


1/4

. (1.10)

The efficiency of absorption and emission of light varies depending on grain prop-
erties. As such, (a, Td)〉 depends on the emissivity index of the dust, β, such that
Q ∝ T2

d for silicates (Td ≤ 40 K) and Q ∝ Td for carbon (5 ≤ Td ≤ 103 K) (Draine,
1981).

1.4 OBSERVING DUST EMISSION

FIR astronomy is a relatively young science, partly because of the many
challenges of observing in these bands. Ground-based observations are challeng-
ing, if not impossible, as the majority of IR light travelling towards Earth is ab-
sorbed by O2 and H2O in the atmosphere. At high and dry locations such as the
peak of Mauna Kea in Hawaii, or in the Atacama desert, there are a few FIR win-
dows which can be observed, although absorption and background emission are
still problematic.

A large part of the FIR - submm spectrum can only be observed from space.
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Observatory Camera Band FOV Pixel Size Beam FWHM
(µm) (arcsec) (arcsec)

Spitzer IRAC 3.6 5.2× 5.2 1.221 1.66/1.95
Spitzer IRAC 4.5 5.2× 5.2 1.213 1.72/2.02
Spitzer IRAC 5.8 5.2× 5.2 1.222 1.88
Spitzer IRAC 8.0 5.2× 5.2 1.220 1.98
Spitzer MIPS 24 5.4× 5.4 2.5 6
Spitzer MIPS 70 2.6× 5.2 10 18
Spitzer MIPS 160 5.3× 2.1 16 40
Herschel PACS 70 3.5× 1.75 3.2 6 (5.8× 12.1†)
Herschel PACS 100 3.5× 1.75 3.2 7
Herschel PACS 160 3.5× 1.75 4.5 12 (11.4× 13.4†)
Herschel SPIRE 250 8× 4 6.0 18
Herschel SPIRE 350 8× 4 8.0 24
Herschel SPIRE 500 8× 4 11.5 35

Table 1.2: Beam sizes for the different FIR and submillimetre observatories and
pixel sizes for the data sets used in this Thesis. † The PACS beam sizes are the
nominal diffraction-limited beam sizes. Those in parenthesis are the beam sizes
due to the Hi-GAL observing strategy (which observed at 70 and 160 in parallel
mode).

Yet even for space-based missions, there are significant challenges to overcome.
Radiation from the telescope or observatory would drown out any astronomical
signal: observing in the IR has been compared to taking an optical image with a
camera on fire. Therefore, instruments must be cooled cryogenically such that as-
tronomical emission can be detected above the level of any remaining instrumental
noise. The extra mass of a cryogen can make launch more difficult, and the lifetime
of the mission is dictated by the supply of coolant.

Because of these hurdles, it wasn’t until 1983 that the first FIR space tele-
scope was launched. The Infrared Astronomical Satellite (IRAS) studied the entire
sky at 12, 20, 60, and 100 µm over the course of ten months, detecting around
350,000 IR sources and inspiring the next generations of FIR – submm observato-
ries. The face of FIR astronomy has changed a great deal over the course of the last
50 years thanks to space missions such as IRAS, the Infrared Space Observatory
(ISO, Kessler & Habing, 1996), Spitzer (Werner et al., 2004), Akari (Murakami et al.,
2007), and Herschel (Pilbratt et al., 2010).

A summary of some of the properties of the datasets used in this Thesis is
provided in Table 1.2.
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1.4.1 SPITZER SPACE TELESCOPE

30 years after IRAS conducted the first ever IR scan of the sky, the Spitzer
Space Telescope (Spitzer) was launched in 2003 (Werner et al., 2004). This was the
first IR space telescope that could operate for an extended length of time, with
a cryogenic lifetime of 5.7 years, compared to only 10 months for IRAS and 28
months for ISO. Spitzer’s warm launch meant that this lifetime could be achieved
with a smaller, lighter cryostat and a relatively small amount of cryogen. Through-
out the prime mission the telescope could be cooled to ≤ 6 K. When the cryogen
was depleted in 2009 the majority of the detectors were saturated and unusable.
However, observations continued in the shorter IRAC bands, at 3.6 and 4.5 µm, in
the warm mission.

Spitzer housed three IR instruments: the Infrared Spectrograph (IRS, Houck
et al., 2004), the Multiband Imaging Photometer for Spitzer (MIPS, Rieke et al.,
2004), and the Infrared Array Camera (IRAC, Fazio et al., 2004). Both high and
low spectroscopy could be performed with IRS; MIPS and IRAC were Spitzerś pho-
tometers, and MIPS could also be use for high- and low-resolution spectroscopy.

1.4.1.1 MIPS

MIPS (Rieke et al., 2004) was the FIR camera aboard Spitzer, observing three
wavebands centred at 24, 70, and 160 µm. This was the first instrument with which
it was possible to observe in the FIR with high sensitivity, a large imaging field, and
high angular resolution. At 70 µm it was possible to observe with a narrower FOV
of 2.7′×1.35′and increased magnification.

Multiple operating modes were available dependent on the required depth
and field size. The Scan Mapping mode was used for observing large regions;
sources were measured ten times at 24 and 70 µm but only once at 160 µm such that
multiple scans were required for high-quality 160 µm data. Small (≤2′) and point
sources were best observed in the Photometry and Super Resolutions mode, with
which it was possible to observe with a narrower FOV (2.7′×1.35′) and increased
magnification at 70 µm, whilst very extended emission such as zodiacal light could
be mapped in the Total Power mode.

1.4.1.2 IRAC

IRAC (Fazio et al., 2004) was Spitzer’s near - mid IR photometer and could
observe four wavebands at 3.6, 4.5, 5.8, and 8.0 µm. Observations were taken of
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two fields simultaneously, one at 3.6 and 5.8µm, and the other at 4.5 and 8.0µm,
each with a FOV of 5.2′×5.2′and angular resolution of ∼2′′(FWHM). IRAC had
three operating modes, the main one being Full-Array mode which had multiple
frame times available and could be used to scan large areas of the sky. Stellar
Photometry mode could be used for observing objects, usually stars, which are
much brighter at 3.6 and 4.5 µm compared with the longer wavebands. In this
mode short exposures were used at the shorter wavelengths to prevent saturation,
and long exposures at the longer wavelengths. Finally, Sub-Array mode could be
used for very bright sources, providing images with a smaller FOV of 38′′×38′′.
This required that each waveband be observed in turn.

1.4.2 HERSCHEL SPACE OBSERVATORY

The launch of the Herschel Space Observatory (Pilbratt et al., 2010) on 14
May 2009 marked the start of a new era in FIR astronomy. As the largest IR space
observatory to date, Herschel opened the window to the FIR (∼ 50 – 200 µm) and
submillimetre (∼ 200 – 1000 µm) universe. To make this possible Herschel housed
the largest single-dish mirror ever sent into space, with a diameter of 3.5 m, nearly
four times larger than any previous infrared space telescope. Having such a large
mirror is vital for observations in FIR and submillimetre bands which have angular
resolution around 1000 times worse than optical bands. With improved resolution,
objects with small angular sizes can be studied in more detail, and we can more
easily disentangle objects which would otherwise be confused, allowing study of
fainter sources.

Resolution is not the only obstacle at these wavelengths. As discussed
earlier, IR radiation from the observatory itself would drown out any images in
this regime. To reduce the instrumental noise the whole system was cooled with
cryostats containing liquid helium. This cooled the majority of the system to an
operating temperature of 1.7 K, and the detectors were cooled to 0.3 K. Operating
at 85 K, the primary mirror was the largest source of instrumental noise. Addition-
ally, a sunshield provided protection from solar radiation, and Earth straylight.
These measures meant that Herschel could be used to study objects with tempera-
tures of . 100 K. The mission lifetime of Herschel was dependent on the supply of
helium, which ran out in April 2013, after nearly 4 years of observations.

Herschel held three instruments: the Herschel-Heterodyne Instrument for the
Far-Infrared (HIFI, De Graauw et al., 2010), the Spectral and Photometric Imaging
Receiver (SPIRE, Griffin et al., 2010), and the Photodetector Array Camera and
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Spectrometer (PACS, Poglitsch et al., 2010). HIFI was Herschel’s dedicated spec-
trometer, whilst both SPIRE and PACS had a spectrometer and photometer. In this
thesis images are used from the SPIRE and PACS photometers.

1.4.2.1 SPIRE PHOTOMETER

The SPIRE photometer (Griffin et al., 2010) was designed to observe cold
interstellar dust (. 30 K) and observed simultaneously in three wavebands centred
at 250, 350, and 500 µm. SPIRE could exploit this previously neglected region and
more accurately determine dust temperatures than any previous instrument.

The photometer sampled a target area by scanning the region whilst taking
continuous observations. SPIRE could scan in different modes dependent on the
required observations. Small map mode was used for observing point sources or
small extended sources, and could cover a 5′ patch of sky at a scanning speed of
30′′s−1. For larger areas, large map mode could be used which had two options of
scan speed, 30′′s−1 and 60′′s−1, used depending on the required depth of images.
Finally, in parallel mode SPIRE could be used alongside PACS to save time where
observations with both instruments were required. In this mode the scan speed
could be fast, 60′′s−1, or slow, 20′′s−1.

In the past, missions observing shorter wavelength light have used photo-
conducting detectors, in which electrons are excited across a band-gap by incident
photons and the material is chosen such that the band-gap has the same energy
as the observed photons. FIR and submm light cannot be detected in the same
way as the photons have such a low energy that there is no viable material with
the required band-gap. Instead, bolometers were used for SPIRE. Bolometers con-
tain a low temperature absorbing element which heats up slightly when light is
absorbed. Small changes in the temperature induce a measurable change in the
resistive properties.

1.4.2.2 PACS PHOTOMETER

The PACS photometer (Poglitsch et al., 2010) observed three wavebands
centred at 70, 100, and 160 µm, sampling the peak of the SED for cold interstel-
lar dust. PACS offers much better resolution compared with instruments which
had previously targeted this spectral window, providing images which are 4 times
more resolved than Spitzer (see Table 1.2), and 6 times more resolved than IRAS.

Like SPIRE, PACS used bolometers as its detectors. As PACS only held two
detector arrays it could observe in two bands simultaneously, 160 µm and either
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Figure 1.8: The dusty Galactic Centre, as seen by Herschel during the Hi-GAL sur-
vey. A composite image where blue = 70 µm, green = 160 µm, and red = 350 µm.
Credit: ESA/Herschel/PACS, SPIRE/Hi-GAL Project, acknowledgement: G. Li
Causi, IAPS/INAF, Italy

70 or 100 µm. Various scanning modes could be used to optimise observations. A
mini-scan mapping mode which produced 3′maps was available for small sources.
Larger maps were commonly needed and these were produced by the scan map-
ping mode. This mode had two options available for scan speed of 20′′s−1 and
60′′s−1. Blurring in the faster scan speed lead to degradation of the PSF with in-
creased ellipticity and FWHM. This effect was worsened when observing in par-
allel mode as the scan rate was not optimised for PACS. Sampling was completed
with orthogonal scans to reduce the effects of both time-variant instrumental noise
and the PSF ellipticity.

1.4.3 HI-GAL

In this Thesis, we will use data from the Spitzer and Herschel archives and
from observations taken with Herschel as part of the Herschel Infrared Galactic
Plane Survey (Hi-GAL, Molinari et al., 2010b). Hi-GAL is a FIR and submm photo-
metric survey of the a 2◦ strip of the Galactic Plane (| b |≤1◦), initially covering the
central 60◦, and later the entire Galactic Plane. Surveys were completed across five
Herschel wavebands with PACS (70 and 160 µm) and SPIRE (250, 350, and 500 µm)

22



in parallel mode at the maximum scan speed (60′′s−1), to maximise survey speed
and wavelength coverage.

Hi-GAL was a Herschel Open Time Key Project aiming to detect early stages
of the formation of molecular clouds and high mass stars. To do so, Hi-GAL was
designed to complement previous surveys of the Galactic Plane. Together with
other IR (e.g. GLIMPSE Benjamin et al., 2003 and MIPSGAL Carey et al., 2009 with
Spitzer) and millimetre (e.g. Bolocam GPS Aguirre et al., 2011 and ATLASGAL
Schuller et al., 2009) surveys, the entire thermal dust continuum could be traced
within the Galactic Plane. The Hi-GAL observing and data reduction strategy was
designed to recover extended emission making it appropriate for studies of Galac-
tic supernovae remnants. The Hi-GAL images are set to a common calibrated zero
level by comparison with Planck and IRIS all sky maps (Molinari et al. 2016).
Calibration uncertainties are typically quoted as ∼5 and 7% for PACS and SPIRE
respectively (Balog et al., 2014; Bendo et al., 2013). At all wavelengths, the map
noise in Hi-GAL maps is dominated by Galactic Plane cirrus confusion (Molinari
et al., 2013).

1.4.3.1 OTHER ANCILLARY DATA

Where available, the FIR and submillimetre observations from Spitzer and
Herschel are supplemented in this Thesis with radio observations. This includes
Very Large Array 20 cm data from the Multi-Array Galactic Plane Imaging Survey
(MAGPIS, Helfand et al. 2006) for sources within the range b < 0.8◦ and 5◦ <

l < 48.5◦; 1420 MHz images from the Canadian Galactic Plane Survey (CGPS) for
sources in the range 52◦ < l < 192◦ (Taylor et al., 2003); and 0.843 GHz images
from the MOST Supernova remnant catalogue for sources within the range 245◦ <
l < 48.5◦ (Whiteoak & Green, 1996).

1.5 ANALYSING DUST EMISSION

1.5.1 CANONICAL MODIFIED BLACKBODY FITTING

Dust emits in the FIR with a thermal continuum. Kirchhoff’s Law states that
a body in thermal equilibrium will absorb and emit energy with equal efficiency,
where the efficiency of a radiator is known as its absorptivity or emissivity. This
means that dust must emit radiation with the same rate at which it absorbs from
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the local radiation field. Blackbody sources, with an emissivity of one, perfectly ab-
sorb incident radiation, and re-radiate all of the energy as a function of frequency,
ν, in the form of a temperature dependent Planck function:

Bν(T) =
2hν3

c2
1

e
hν

kBT − 1
(1.11)

where h is the Planck constant and kB is the Boltzmann constant. Dust does not ab-
sorb and radiate with complete efficiency and its FIR spectral energy distribution
(SED) can be described by a blackbody function modified by an efficiency term
which varies with frequency:

Qν ∝ νβ (1.12)

where β is the emissivity spectral index which depends on the grain composition,
structure, and size. β has values between 1 and 2 for most types of dust, where
silicates are usually described by β ' 2, whilst β = 1 corresponds to amorphous
carbon (Tielens & Allamandola, 1987; Mennella et al., 1998). Observational evi-
dence indicates that the majority of low redshift galaxies can be well described by
a value of 2, and measured values for the Milky Way vary typically between 1.65
and 1.90. (Hildebrand, 1983; Dunne & Eales, 2001; Chapin et al., 2009; Clemens
et al., 2013; Smith et al., 2013; Planck Collaboration XLVIII, 2016)

When determining the mass of dust in a cloud, it is usually assumed that
grains are spherical and the total mass can be defined by the grain volume, V, the
number of particles, n, and the volume density of the grain material, ρ such that
the dust mass (Md) is given by:

Md = Vρn =
4
3

πa3ρn (1.13)

where a is the dust grain radius. Dust grains are generally much smaller than the
wavelengths of FIR and submm light by which they emit and we can assume that
clouds of dust will by optically thin such that the optical depth, τν, is much less
than one. Consequently, for grains in radiative equilibrium the effect of radiative
transfer on the spectral radiance (or surface brightness), Iν, is given by:

Iν = (1− e−τν)Bν(T) ' τνBν(T). (1.14)

The optical depth is:
τν = πa2NQν ≈ πa2 n

A
Qν (1.15)
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where πa2 is the grain cross sectional area, N is the column density of grains, and
A is the cross-sectional area of the cloud. We can combine equations 1.14 and 1.15
and multiply by A to find the spectral radiance over the whole cross-sectional area
of the dust cloud:

AIν = πa2nQνBν(T). (1.16)

The flux density measured at a distance, D, from the cloud is given by the relation:

Sν =
AIν

D2 =
πa2nQνBν(T)

D2 (1.17)

which can be substituted into Equation 1.13 to give:

Sν =
3
4

Q2

ρa
MdBν(T)

D2 =
κνMdBν(T)

D2 (1.18)

where κν is the dust mass absorption coefficient:

κν =
3Qν

4aρ
(1.19)

incorporating the unconstrained terms Qν, ρ, and a. Qν is highly dependent on
a range of dust properties such as the composition, the shape, and the size. This
generates large uncertainty in κν and derived values vary across more than three
orders of magnitude for various dust properties (Clark et al., 2016, 2019; Cigan
et al., 2019). Values of κν are extrapolated from reference, measured values using
the frequency dependency:

κν = κν0

(
ν

ν0

)β

(1.20)

in the far-infrared.

1.5.2 THE POINT PROCESS MAPPING PROCEDURE

Although SED fitting, as described in Section 1.5.1, can provide dust mass
and temperature estimates, as well as the synchrotron contribution, it is limited
as it must assume that the dust has a uniform temperature and a fixed emissivity
index. To overcome these shortfalls we can use point process mapping (PPMAP,
Marsh et al., 2015, 2017; Howard, 2020). With PPMAP we can study the dust emis-
sion from an object at an increased resolution, as shown in Figure 1.9, without as-
suming constant dust properties.

25



Figure 1.9: Dust mass content of the Andromeda galaxy M31, estimated by SED
fitting (Smith et al., 2012a, top) and with PPMAP (Marsh et al., 2018, bottom). With
PPMAP Marsh et al. (2018) were able to study the dust at 30 pc resolution, com-
pared with 140 pc resolution achieved by Smith et al. (2012a) using an SED fitting
technique.
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PPMAP performs a Bayesian analysis on images of dust emission in order
to provide column density values as a function of dust temperature rather than
flux as a function of wavelength. PPMAP works on the principle that astrophysi-
cal systems can be represented by a series of points in a well-defined state space
(Marsh et al., 2015). Maps of differential dust column density are created for a
grid of temperatures using point spread function information from each instru-
ment to create high resolution dust temperature maps. Observations are taken in
at their native resolution and are deconvolved with the appropriate instrument
beam profiles such that there is no need to smooth the data to the lowest resolu-
tion image. Furthermore, PPMAP can fit multiple dust temperatures along the line
of sight through each pixel, unlike the modified blackbody technique described in
Section 1.5.1 which assumes a single dust temperature and dust emissivity index
β. PPMAP can fit two or three dimensions: the position on the sky and dust tem-
perature, Td, and one representing the dust emissivity index, β, if this is not set to
a fixed value.

Full details of the PPMAP routine (along with tests on synthetic data) are
provided in Marsh et al. (2015). PPMAP operates in different dimensions to conven-
tional (β, Td) pixel-to-pixel fits, instead estimating a density distribution of mass
throughout the 4D state space (x, y, Td, β). In this procedure, astrophysical sys-
tems such as SNRs are represented as a collection of primitive objects which each
have unit column density. Assuming that structures are optically thin, flux maps
are considered as the total instrumental response to all objects. The distribution of
column density is then defined by the number of objects appearing at any point in
the 4D state space (x, y, Td, β) .

PPMAP aims to find the optimal estimate for the distribution of objects by
using a procedure based on Bayes’ theorem. The expectation number of objects per
unit volume in the 4D state space, ρ(x, y, Td, β), can be equated to the differential
column density and is found through a stepwise approach. Initially, the measure-
ment noise is artificially increased to the point at which no information can be
obtained from the data. At this point the optimal solution is the a priori value of
ρ. In the absence of further prior information, this function is flat everywhere. The
noise is then decreased over a series of time-steps until the original signal-to-noise
ratio is obtained; ρ is updated at each step, using the previous optimal solution as
the new prior. The data at each stage can be described by a model of the form:

d = AΓ(t) + ν(t) (1.21)
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where d is the data vector at a given time step whose mth component gives
the pixel value at xm, ym for the wavelength λm; the vector Γ(t) describes the actual
distribution of objects in state space; ν(t) gives the measurement noise at each time
step, t, and is assumed to be Gaussian; and A is the system response matrix where
the mth element gives the mth measurement response to an object in the nth cell of
state space i.e. (xn, yn, Tn, βn). It is given by

Amn = Hλm(Xm − xn, Ym − ym)Kλm(Tn)Bλm(Tn)κλm(βn)∆Ωm (1.22)

where Hλm(x, y) is the convolution of the PSF at λn with the profile of a
source object; Kλm(Tn) is a colour correction; Bλm(Tn) is the Planck function; ∆Ωm

is the solid angle subtended by the mth pixel. By finding an optimal solution for
A, we can obtain the most likely distribution of β and Td at each location in (x, y).
When running PPMAP we provide prior information for β.

Throughout the procedure, PPMAP acts in the direction of minimising the
reduced χ2, derived from the sums of squares of deviations between the observed
and model pixel values over each local region, after dividing by the number of
degrees of freedom. The model pixel values are estimated from a modified black-
body model of the form given in Equation 1.18. The variation of κλ at different
wavelengths depends on the value of β as in Equation 1.20, where PPMAP adopts a
reference value at 300 µm of κ300 = 1.0 m2 kg−1 (Marsh et al., 2017). Finally, PPMAP

requires an estimate of the noise levels for each band (the pixel-to-pixel variation).

PPMAP provides additional information over the standard modified black-
body technique described in Section 1.5.1 to derive dust masses because it (i) does
not assume a single dust temperature along the line of sight through each pixel,
(ii) uses point spread function information to create column density maps with-
out needing to smooth data to a common resolution, and (iii) although it first
makes the assumption that the dust is optically thin, it can check this retrospec-
tively. Therefore PPMAP could be powerful tool for analysing dust emission in
supernova remnants.
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1.6 A REVIEW OF PREVIOUS STUDIES OF DUST IN SU-

PERNOVA REMNANTS

As discussed in Section 1.3, historically, evolved stars have been considered
the main source of dust in galaxies, especially AGB stars (e.g. Dwek, 1998). How-
ever, there is some disparity between the dust injection rates of evolved stars and
the mass of dust observed, which is exacerbated at high redshifts where the evolu-
tionary timescales of such stars are close to, or longer than, the age of the Universe
(Morgan & Edmunds, 2003; Dwek et al., 2007; Michałowski et al., 2010; Gall et al.,
2011c; Mancini et al., 2015; Rowlands et al., 2014; Michałowski, 2015). On the other
hand, models suggest that SNe can quickly produce substantial amounts of heavy
elements (Todini & Ferrara, 2001; Nozawa et al., 2003). The ejecta contain an abun-
dance of heavy elements and the temperature drops quickly with expansion, pro-
viding ideal conditions for grain formation and growth. However, there is huge
uncertainty in the amount of dust which can survive the harsh environment of a
SNR as this depends on a wide range of factors. Observations of dust in a range
of SNRs are therefore crucial in confirming whether dust can survive destructive
processes and, if so, how much dust is injected into the ISM.

Along with line and continuum emission from gas, IR dust emission is
thought to be one of the key cooling processes of SNRs (Dwek et al., 1987; Draine,
1981; Ostriker & Silk, 1973). FIR emission from SNRs can be thermal or non-
thermal. Thermal FIR emission will arise from warm dust such as warm ejecta
material, shock-heated dust in the forward or reverse blast waves, photo-ionised
material near a PWN, or swept-up ISM. Non-thermal emission in the FIR orig-
inates from synchrotron emission from shocks or PWNe, although this is not ex-
pected to be significant, except in the case of plerion objects such as the Crab where
synchrotron emission contributes between 19 and 88% of the flux in the various
Herschel wavebands (Temim et al., 2012; Gomez et al., 2012b; De Looze et al., 2019).
Line emission may also be detected in the IR, mostly from atomic and molecular
gas within evolved SNRs in which the gas has sufficiently cooled to allow recom-
bination (Reach et al., 2006). IR emission therefore provides important information
about the dust within a SNR and can help us to determine whether ejecta dust can
survive.

With the advent of Herschel, massive quantities of colder (<50 K) SN ejecta
dust have been detected in a handful of individual core collapse remnants (re-
viewed in detail by Sarangi et al., 2018). Herschel revealed filaments of ejecta dust
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within the Crab Nebula, amounting to up to 0.1 – 0.4 M� at temperatures of 27 –
35 K (Gomez et al., 2012b; Owen & Barlow, 2015), a mass which is more than an
order of magnitude larger than that detected by Spitzer (Temim et al., 2012), al-
though the dust masses were recently revised to 0.05-0.09 M� (Nehmé et al., 2019;
De Looze et al., 2019) due to more sophisticated measures of the background level.
It is expected that the filamentary dust within the Crab is heated by non-thermal
synchrotron radiation from the pulsar wind nebula (PWN) (e.g. Davidson & Fesen,
1985; Macalpine & Satterfield, 2008). A shell of SN-condensed dust was discovered
in association with another PWN, G54.1+0.3. Herschel, Spitzer, and APEX observa-
tions suggest a minimum total dust mass of 0.07 – 1.10 M� for this object (Temim
et al., 2017; Rho et al., 2018), which is heated either by the PWN or a nearby cluster
of stars. Lau et al. (2015) also found evidence that 0.02 M� of warm (∼100 K) dust
had survived the reverse shock within the 104 yr old Sgr A SNR (G0.0+0.0).

Dust in the O-rich SNR Cassiopeia A was initially discovered using IRAS
and ISO, which found a warm dust mass of only 10−4− 10−2 M� (e.g. Braun et al.,
1987; Dwek et al., 1987; Arendt et al., 1999; Douvion et al., 2001). With submm
observations from SCUBA, Dunne et al. (2003, 2009) detected orders of magnitude
more cold dust. This was later resolved into two regions with Herschel and Spitzer:
a warm dust component in the outer, reverse shock region, and a central region of
cold (< 25 K), unshocked ejecta dust (Barlow et al., 2010). The total dust mass is as
high as 0.3 − 1.0 M� (Dunne et al., 2003; Rho et al., 2008; Barlow et al., 2010; De
Looze et al., 2017)1. However, a Herschel and Spitzer study of the more evolved O-
rich remnant, G292.0+1.8, found that the IR emission is dominated by pre-existing
dust in the circumstellar medium (CSM) (Ghavamian & Williams, 2016), fuelling
debate as to whether the reverse shock destroys all newly formed ejecta dust (e.g.
Lau et al., 2015; Micelotta et al., 2016; Biscaro & Cherchneff, 2016).

Outside of the Milky Way,∼ 0.5 M� of cold (<25 K) ejecta dust was detected
in SN 1987A, in the Large Magellanic Cloud (LMC), by Herschel and Atacama Large
Millimetre Array (ALMA) observations (Matsuura et al., 2011, 2015; Indebetouw
et al., 2014; Dwek & Arendt, 2015). Later this was revised to 0.2− 0.4 M� for amor-
phous carbon, with a maximum of 0.7 M� for amorphous silicate, using the pre-
dicted nucleosynthesis yields as an upper limit (Cigan et al., 2019). This is com-
pared to only 10−4 M� of dust estimated at 775 days from data between 1.7 and

1 Krause et al. (2004) instead posited that there was no cold dust in Cas A, claiming that Dunne
et al. (2003) was in fact observing unrelated interstellar material along the line of sight. Later
work by Dunne et al. (2009) and De Looze et al. (2017) showed that a significant dust mass does
exist within the SNR, and found that a high fraction of the submm emission is emitted by highly
polarised grains aligned with the magnetic field of the SNR.
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Figure 1.10: Dust mass versus age for historical remnants of core-collapse super-
novae observed with Herschel. Scatter points are the ‘best-fit’ masses from the liter-
ature with shaded regions indicating the estimated error in age and dust mass (if
available). These include the Crab Nebula (Temim et al., 2012; Gomez et al., 2012b;
De Looze et al., 2019), Cas A (Dunne et al., 2003, 2009; Barlow et al., 2010; De Looze
et al., 2019), G292.0+1.8 (Ghavamian & Williams, 2016), G54.1+0.3 (Temim et al.,
2017; Rho et al., 2018) and the LMC SNR, SN 1987A (Matsuura et al., 2011; In-
debetouw et al., 2014; Matsuura et al., 2015; Cigan et al., 2019). (G0.0+0.0 is not
included as it is older than the range of ages shown here, at ∼4000 yrs old, Lau
et al., 2015.)

12.6 µm (Wooden et al., 1993; Ercolano et al., 2007). At early times the dust may
have been locked into IR optically thick clumps, such that the dust mass could
have been underestimated as proposed by Dwek & Arendt (2015). However Wes-
son et al. (2014) suggest that the majority of the dust mass formed at a later stage,
well after the SNR was first detected at MIR wavelengths.

Although there is evidence that CCSNe may contribute large masses of dust
to the ISM, only a small sample of sources have been studied in detail. A summary
of the dust mass versus age of the ‘historical’ core-collapse remnants discussed
above is shown in Figure 1.10. The majority of the objects which contain ejecta
dust are relatively young core-collapse SNRs which are still to undergo further in-
teractions with the ISM and reverse shocks. As such, it may be that these are not
representative of the entire SNR population.

31



In contrast to CCSNe, Herschel observations of the historical Type Ia rem-
nants Tycho and Kepler by Gomez et al. (2012a) showed that although dust struc-
tures associated with the SNR material (as traced by X-ray and radio emission)
were clearly detected, these dust structures originated from the swept up circum-
stellar and interstellar medium respectively (see also Ishihara et al., 2010) with no
evidence of emission from freshly-formed ejecta dust.

1.6.1 PREVIOUS INFRARED SURVEYS OF SUPERNOVA REMNANTS

The discussion in the previous sections suggests that CCSNe can produce
significant quantities of dust that would help to explain high-redshift dust masses.
However, this is based on SN dust formation and dust mass estimates only being
investigated in a limited number of Galactic sources (Cas A, G54.1+0.3, Crab, SN
1987A, G0.0+0.0, G292.0+1.8 and G350.1-0.3). We can now move on from small
numbers of individual studies thanks to the availability of large surveys of the
Galactic Plane with IR and FIR observatories. Prior to the Spitzer and Herschel
era, FIR surveys of Galactic SNRs with the Infrared Astronomical Satellite (IRAS)
(Arendt, 1989; Saken et al., 1992) detected emission from dust in 11 and 17 SNRs
respectively within the Galactic Plane (b≤ | 1◦ |), based on the Green (2014) cat-
alogue. These FIR surveys used observations centred at 12, 25, 60, and 100 µm at
respective resolutions of 0.5′ at 12 µm and 2 ′ at 100 µm. Unfortunately, confusion
within our Galaxy is the major limitation when studying dust in Galactic SNRs.
Confusion with the ISM makes SNRs extremely difficult to detect or distinguish
from surrounding (or even line of sight) dust structures, and proved to be a sig-
nificant issue for the initial surveys with IRAS (Saken et al., 1992; Arendt, 1989).
Follow up IR surveys of SNRs in the Milky Way were completed by Reach et al.
(2006) and Pinheiro Goncalves et al. (2011) using data from Spitzer IRAC and MIPS
respectively. A more recent whole sky survey with AKARI at wavelengths of 2.4 –
160 µm and angular resolution of 0.5′ in the 65 µm band, studied 20 Galactic SNRs
(Koo et al., 2016). However, surveys at these shorter wavebands may miss cool
dust components within SNRs, such that the amount of dust formed after the SN
explosion may be underestimated (e.g. Barlow et al., 2010).

With the advent of Spitzer and Herschel Galactic plane surveys, there are
now hundreds of images of SNRs with observations from the near-IR to submil-
limetre (NIR – submm, 3.6 – 500 µm). Previous studies have used the shorter wave-
length Spitzer data for dust signatures associated with SNR, including Reach et al.
(2006) and Pinheiro Goncalves et al. (2011). They reported the detection of dust
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emission associated with SNRs in 18 and 39 SNRs respectively, over a region of
the Galactic Plane covering ∼100 square degrees, suggesting that SN-related dust
emission is rather common. Confusion persists even in a large fraction of the
sources for which there are clear MIR dust signatures coincident with SNR X-ray
and radio emission (e.g. Pinheiro Goncalves et al., 2011). A statistical survey of
SNRs in the Galaxy is sorely needed, one that takes all of the available IR – submm
information to probe the range of dust temperatures that exist in the supernova
environment, and to provide a total measure of the dust mass.

1.7 UNRESOLVED QUESTIONS

1. Although there is evidence that CCSNe may contribute large masses of dust
to the ISM, only a small sample of sources have been studied in detail, and
these tend to be biased towards very young remnants. A larger statistical
sample is urgently needed to verify the importance (or not) of SNe as dom-
inant dust producers in galaxies and to determine which SNe form dust in
their ejecta material.

2. With only a limited sample of dusty SNRs analysed to date, the extent to
which their location affects the amount of newly formed dust which can sur-
vive is unclear. It is expected that CCSNe dominate SNe dust formation and
these are mostly concentrated in star-forming regions at low latitudes within
the Galactic Plane, where we may expect to find the majority of dusty SNRs.
However, the survival of freshly formed dust is inversely correlated with the
local ISM density, which is increased towards the centre of the Galactic Plane
where destruction may be more problematic.

3. As discussed in section 1.3.3, theoretical models indicate that only some types
of CCSNe can form dust which enriches the ISM. However, there are only a
limited number of detections of dust in SNRs, making any conclusions un-
certain about the types of SNRs in which freshly formed dust can survive.

4. One remaining critical question is whether or not Type Ia SNe could also
produce dust in their ejecta. Is it possible that the properties of the expanding
ejecta in the aftermath of a Type Ia explosion are not conducive to forming
dust grains efficiently?

A more complete survey is required to establish the importance of SN as
dust producers, and to investigate how the dust content varies across SNR types,
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evolutionary stages, and environment. In this Thesis we present a survey of (FIR)
counterparts of known SNRs in the Galactic plane (360◦ in longitude and b = ±1)
at 70–500 µmm with Herschel. Covering longer wavelengths than Spitzer, Herschel
is sensitive to cold dust which could have been missed in previous surveys. More-
over, Herschel’s angular resolution is 5 times better than Spitzer at 70 - 160 µm. The
190 SNRs we explore in this Thesis at FIR wavelengths with Herschel should al-
low us to more easily disentangle dust associated with supernovae and unrelated
interstellar dust emission, and to confirm or update the dust-detections of SNRs
from previous studies with IRAS and Spitzer. A breakdown of the rest of the The-
sis, where we attempt to investigate some of these remaining questions, is listed
below.

• In Chapter 2, we investigate the importance of SNe as contributors to the
dust budget within galaxies by searching for IR and sub-mm emission from
ejecta dust in SNRs across the Galactic Plane. To complement the Spitzer cat-
alogues of Reach et al. (2006) and Pinheiro Goncalves et al. (2011) we search
for SNRs within Hi-GAL I. This survey extends from Galactic longitudes of
10◦ <| l |< 60◦ and latitudes of | b | ±1◦. We classify SNRs by assigning
levels 1 – 4 where a level 1 detection denotes FIR emission within the SNR
which is clearly correlated with radio, MIR, or X-ray structures and can be
distinguished from the ISM, and where level 4 is not detected in the FIR.

• In Chapter 3, we take a closer look at the dust properties of a few SNRs dis-
covered in Chapter 2, in particular focusing on dusty pulsar wind nebulae.

• In Chapter 4 we complement the earlier chapters by searching for FIR coun-
terparts of known SNRs in the entire Galactic plane, as surveyed by Herschel
(covering 360◦ in longitude and 2◦ in latitude) at 70 – 500 µm. Without the
limitation of the availability of Spitzer data, this increases the area of sky sur-
veyed by a factor of 2.

• In Chapter 5, we again take a closer look at the dust properties of a few SNRs
discovered in the full Galactic Plane survey, in particular focusing on dust
masses and temperatures for the detection level 1 SNRs detected in this work.

• In Chapter 6 we explore the complicated dust structures we observed in
Chapter 4 within multiple regions of the candidate supernova remnant the
‘Tornado’ (G357.7−0.1). We use Point Process Mapping, PPMAP, to investi-
gate the distribution of dust in the Tornado at a resolution of 8′′. We combine
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the FIR-submillimetre analysis with X-ray and radio emission to investigate
the origin of this engimatic source.

• In Chapter 7 we summarise our findings in the preceding Chapters and pro-
vide some details of future work.
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CHAPTER 2
A FIRST LOOK GALACTIC CATALOGUE

OF DUSTY SUPERNOVAE

‘We have calcium in our bones, iron in our
veins, carbon in our souls, and nitrogen in our
brains. 93 percent stardust, with souls made of
flames, we are all just stars that have people
names’

NIKITA GILL

The importance of supernovae as a contributor to the dust budget of galax-
ies at all cosmic epochs remains an unresolved question (Morgan & Edmunds,
2003; Dwek et al., 2007; Matsuura et al., 2009; Gall et al., 2011c; Rowlands et al.,
2014; Mancini et al., 2015). One way to resolve this is to search for infrared (IR)
and submillimetre (submm) emission from ejecta dust in nearby supernovae (SNe)
and supernova remnants (SNR), where the sources are close enough to resolve dust
structures in the far-infrared (FIR). In this Chapter, we search for FIR (70 – 500 µm)
counterparts of known supernova remnants (SNRs) in the Galactic plane over the
same region as the well-known MIR SNR catalogue of Reach et al. (2006). We use
the Herschel Infrared Galactic Plane Survey I (Hi-GAL) which extends from Galac-
tic longitudes of 10◦ <| l |< 60◦ and latitudes of | b | ±1◦. This work has been
published in Chawner et al. (2019).
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2.1 SURVEY FOR FAR INFRARED SUPERNOVA REMNANT

EMISSION

To make a catalogue of FIR SNRs we use data obtained by the Photodetec-
tor Array Camera and Spectrometer (PACS, Poglitsch et al., 2010) and the Spectral
and Photometric Imaging Receiver (SPIRE, Griffin et al., 2010) on board the Her-
schel Space Observatory (hereafter Herschel) (Pilbratt et al., 2010) during the Herschel
Infrared Galactic Plane Survey (Hi-GAL Molinari et al., 2010b). Hi-GAL mapped a
2◦ latitude strip of the Galactic Plane using two PACS and three SPIRE wavebands
centred on 70, 160, 250, 350 and 500 µm. In order to provide a comparison with
Reach et al. (2006), we study 71 remnants within the region where 10◦ <| l |< 60◦

and | b |≤ 1, which is covered by Hi-GAL I. There are a total of 127 SNRs in this
area based on the radio catalogue from Green 2014. Herschel has a diffraction lim-
ited angular resolution of 5.0 – 35.9′′, 30 times better than the IRAS resolution of
∼ 6− 8′ (Saken et al., 1992). Also, the PACS 70 µm maps have an angular reso-
lution of 6.4′′, an improvement over that of the MIPS 70 µm maps of 18′′ (Carey
et al., 2009). Higher angular resolution is important to resolve SNR dust features
from the foreground/background or surrounding ISM. At all wavelengths, the
map noise is dominated by Galactic Plane cirrus confusion (Molinari et al., 2013).

Table 2.1 lists the 71 Galactic SNRs from HiGal studied in this survey; here-
after this will be referred to as the first look survey. Each remnant was first in-
spected as a false colour image combining the 70, 160, and 250 µm Herschel wave-
band maps (images are provided in Appendix A, Figure A.1), which are re-gridded
and convolved to the resolution of the 250 µm band. A circle was overlaid to show
the SNR radio size (from the Green, 2014 catalogue) and X-ray location (the ra-
dio location from Green’s catalogue is used where X-ray is not available). Various
colour scales were applied in order to reveal any FIR structures potentially related
to the SNR. We also assessed Herschel images in individual bands if any potential
SNR dust emission was detected in the initial inspection. The level of FIR detection
was then determined by comparing the structure in the Herschel images with that at
MIR wavelengths using Spitzer (Reach et al., 2006; Pinheiro Goncalves et al., 2011),
X-ray and/or radio wavelengths where possible. See Appendix A, Figure A.2 for
a compilation of IRAC, MIPS and radio images of our sample. Where available,
VLA 20 cm images from the Multi-Array Galactic Plane Imaging Survey (MAG-
PIS) (Helfand et al., 2006) 1 were used (Figure A.2) for sources within the range

1 the MAGPIS database is available at https://third.ucllnl.org/gps/
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| b |< 0.8◦, 5◦ < l < 48.5◦; 1420 MHz images from the Canadian Galactic Plane
Survey (CGPS) were used for sources in the range 52◦ < l < 192◦ (Taylor et al.,
2003); and 0.843 GHz images from the MOST Supernova remnant catalogue for
sources within the range 245◦ < l < 48.5◦ (Whiteoak & Green, 1996).

Detection levels were assigned based on the classification scheme adopted
by Reach et al. (2006). That is:

• 1 = detection (FIR emission which is clearly correlated with radio, MIR, or
X-ray structures and can be distinguished from ISM),

• 2 = possible detection (FIR emission in the region of the SNR, potentially
related to radio, MIR, or X-ray structures but confused with ISM),

• 3 = unlikely detection (detection of FIR emission but probably unrelated to
the SNR),

• 4 = not detected in the FIR.

In Section 2.1.1 we summarise our findings based on Figures A.1 and A.2
and in Section 2.1.2 we provide individual notes on each of the level 1 and level 2
detections.
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Table 2.1: Supernova remnants in the Hi-GAL I Survey (10◦ | l |< 60◦)

SNR Name
Size

a

(arcmin)

PWN b

(FIR)
Age
(kyr) SN Type Ref c GLIMPSE d MIPSGAL e Hi-GAL f Dust features g Comparison h

G10.5−0.0 6 - 1 2 R
G11.1−1.0 18x12 - - 1 Shell OR
G11.1−0.7 11x7 - 3 3 R
G11.1+0.1 12x10 - 1 1 Western shell R
G11.2−0.3 4 Y (Y) 1.4−2.4 Type cIIb or Ibc 1 1 1 1 Shell RX

Central region (PWN)
G11.4−0.1 8 3 3 3 R
G11.8−0.2 4 - 2 3
G12.0−0.1 7 Y (N) 0.3−3.0 Core collapse 2 3 3 3
G12.5+0.2 6x5 - 1 3
G14.1−0.1 6x5 - 1 1
G14.3+0.1 5x4 - 1 1 Partial shell R
G15.9+0.2 7x5 6 2.4 Core collapse 3; 4 3 1 1 Partial shell RX
G16.4−0.5 13 - 1 1 Central region R
G16.7+0.1 4 Y (N) 2.1 Core collapse 5 3 2 3 R
G17.0−0.0 5 - 2 3
G17.4−0.1 6 - 3 2 R
G18.1−0.1 8 5 6 - 4 3 R
G18.6−0.2 6 ? (N) 13 Core collapse 7 - 1 1 Outer filaments R
G18.8+0.3 Kes 67 17x11 16 8 3 3 3 R
G19.1+0.2 27 - 3 3
G20.0−0.2 10 Y (N) Core collapse 9; 10 3 3 3 R
G20.4+0.1 8 - 1 1 Shell R
G21.0−0.4 9x7 - 3 3 R
G21.5−0.9 5 Y (Y) 0.87 Type IIP or Ib/Ic 10; 11 - 1 1 Central region (PWN) X
G21.5−0.1 5 - 1 1 Central region R
G21.6−0.8 13 - - 3
G21.8−0.6 Kes 69 20 5 12 1 1 3 R
G22.7−0.2 26 ? (N) 1 2 3 R
G23.6+0.3 10? 3 1 2 R
G27.4+0.0 4C-04.7 4 0.75 − 2.1 SN IIL/b 13; 14 3 1 2 R

Kes 73
G27.8+0.6 50x30 ? (N) 35 − 55 Core collapse 15; 16 3 3 4
G28.6−0.1 13x9 3 1 3 R
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Table 2.1: Supernova remnants in the Hi-GAL I Survey (10◦ | l |< 60◦)

SNR Name
Size

a

(arcmin)

PWN b

(FIR)
Age
(kyr) SN Type Ref c GLIMPSE d MIPSGAL e Hi-GAL f Dust features g Comparison h

G29.6+0.1 5 <8 17; 18 4 3 2 R
G29.7−0.3 Kes 75 3 Y (Y) <0.84 Type Ib/c 18; 19 3 1 1 Central region (PWN) RX

Partial shell
G31.9+0.0 3C391 7x5 4 20 1 1 1 Partial shell R

Northwestern radio bar
G32.4+0.1 6 - 2 3
G32.8−0.1 Kes 78 17 6 21; 22 3 3 3
G33.2−0.6 18 3 2 1 Western shell R
G33.6+0.1 Kes 79 10 4.4 − 6.7 Type II 22; 23 2 1 2 R
G34.7−0.4 W44 35x27 Y (N) 2 Core collapse 24; 25 1 1 1 North and western shell R

Central filaments
G35.6−0.4 15x11 2.3 25; 26 - 1 2 R
G39.2−0.3 3C396 8x6 Y (N) 7 26; 27 1 1 1 Western shell R
G41.1−0.3 3C397 4.5x2.5 1.35 − 1.75 Type Ia 27; 28 1 1 3 R
G43.3−0.2 W49B 4x3 1 − 4 Bipolar Ib/Ic 29; 30 1 1 1 Fe/radio loop R

H2 filament
G54.1+0.3 12? Y (Y) 2 Core collapse 31 3 3 1 PWN southern rim
G54.4−0.3 (HC40) 40 95 32 1 1 1 Outer filaments
G55.0+0.3 20x15? ≤1900 33 2 2 2
G296.8−0.3 1156-62 20x14 2 − 10 34 3 1 3
G304.6+0.1 Kes 17 8 28 − 64 Core collapse 35 1 1 1 Western shell
G310.6−0.3 Kes 20B 8 2 3 3
G310.8−0.4 Kes 20A 12 1 1 1
G311.5−0.3 5 23 36 1 1 1 Shell
G332.0+0.2 12 4 3 3
G332.4−0.4 RCW 103 10 2 Type IIP 37; 38 1 1 1 Southern arc X
G332.4+0.1 MSH 16-51 15 3 39 2 2 3

Kes 32
G336.7+0.5 14x10 4 1 3 R
G337.2−0.7 6 0.75 − 3.5 Type Ia 40; 41 4 1 2 X
G340.4+0.4 10x7 3.1 42 4 3 3
G340.6+0.3 6 2.6 42 2 1 1 Shell R
G341.2+0.9 22x16 Y (N) 32.6 Core collapse 43 4 3 3
G341.9−0.3 7 5 42 4 3 3
G342.0−0.2 12x9 11.7 42 3 3 3
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Table 2.1: Supernova remnants in the Hi-GAL I Survey (10◦ | l |< 60◦)

SNR Name
Size

a

(arcmin)

PWN b

(FIR)
Age
(kyr) SN Type Ref c GLIMPSE d MIPSGAL e Hi-GAL f Dust features g Comparison h

G344.7−0.1 8 3 Type Ia 44; 45 1 1 R
G345.7−0.2 6 4 1
G346.6−0.2 8 47 Type Ib/Ic/II 36 1 2
G347.3−0.5 RX J1713.7-3946 65x55 1.59 − 2.1 Type Ib/c 46 3 3
G348.5−0.0 10? 1 1 R
G348.5+0.1 CTB37A 15? 32 − 42 36 1 1 R

G348.7+0.3 CTB 37B 17? 5 Core collapse 47 3 1 R
G349.2−0.1 9x6 3 3
G349.7+0.2 2.5x2 1.8 48 1 1 R

a Radio size from Green’s catalogue. b ’Y’ indicates that a source contains an associated PWN, ’?’ indicates an unconfirmed
PWN candidate. FIR detection of the PWN is indicated in brackets.
Level of detection for each SNR is listed for the following surveys: d SpitzerGLIMPSE (IRAC, Reach et al., 2006), e

SpitzerMIPSGAL (MIPS, Pinheiro Goncalves et al., 2011), f Herschel Hi-GAL (PACS & SPIRE, this work). g Location of FIR
detected dust features. h Waveband of previous detection to which FIR structure is compared: O = optical, R = radio, X =
X-ray.
Detection level of remnants: 1 = likely detection, 2 = possible detection, 3 = unlikely detection but confused, 4 = not detected,
- = unstudied.
b References for SNR age and SN type: 1Borkowski et al., 2016, 2Yamauchi et al., 2014a, 3Reynolds, 2006, 4Klochkov et al., 2016,
5Helfand et al., 2003a, 6Leahy et al., 2014, 7Voisin et al., 2016, 8Dubner et al., 1999, 9Petriella et al., 2013, 10Bietenholz & Bartel,
2008, 11Bocchino et al., 2005, 12Tian & Leahy, 2008, 13Kumar et al., 2014, 14Chevalier, 2005, 15Reich & Furst, 1984, 16Misanovic
et al., 2010 17Gaensler et al., 1999, 18Leahy & Tian, 2008a, 19Morton et al., 2007, 20Chen et al., 2004, 21Zhou & Chen, 2011, 22Zhou
et al., 2016, 23Sato et al., 2016, 24Wolszczan et al., 1991, 25Zhu et al., 2013, 26Harrus & Slane, 1999, 27Leahy & Ranasinghe, 2016,
28Yamaguchi et al., 2015, 29Pye et al., 1984; Smith et al., 1985; Hwang et al., 2000, 30Lopez et al., 2013, 31Bocchino et al., 2010,
32Park et al., 2013, 33Matthews et al., 1998, 34Gaensler et al., 1998, 35Combi et al., 2010b, 36Pannuti et al., 2014b, 37Nugent et al.,
1984; Carter et al., 1997, 38Frank et al., 2015, 39Vink, 2004, 40Rakowski et al., 2006, 41Takata et al., 2016, 42Caswell et al., 1983a,
43Frail et al., 1994, 44Giacani et al., 2011, 45Yamaguchi et al., 2012, 46Tsuji & Uchiyama, 2016, 47HESS Collaboration, 2008a,
48Tian & Leahy, 2014.
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Detection Type Number Detected
SNR Region \ Shell / outer shock region 23

Inner ejecta region 8
Confirmed PWN † 4

Age (kyr) ≤ 1 2
1 <Age ≤ 10 12

10 <Age ≤ 20 1
>20 4

Unknown 9

SN Type Type Ia 1
Core collapse 12

Unknown 16

Table 2.2: Summary of the level 1 detected sample in this work. \The total number
for this classification is larger than the number of level 1 detected sources as dust
in some SNRs in detected in both outer and inner regions. †SNRs for which there
is evidence that the detected central region is associated with the confirmed PWN.

Of the 29 SNRs detected in this survey, 13 are in common with Reach et al.
(2006) and 21 with Pinheiro Goncalves et al. (2011). Reach et al. (2006) detected 18
of 95 SNRs from GLIMPSE and Pinheiro Goncalves et al. (2011) detected 39 of 121
SNRs from the MIPSGAL Survey; their classifications of our sample are listed in
Table 2.1. We detect one additional SNR, G11.1−1.0, which was not in the Pinheiro
Goncalves et al. (2011) or Reach et al. (2006) samples.

2.1.1 SUMMARY OF THE SAMPLE

Table 2.2 and Figure 2.1 give a summary of the types of SNRs detected in this
study. Of our new FIR detections, we observe dust emission from the shell / outer
shock region of 23 SNRs, and within the inner ejecta region (interior to the reverse
shock) of 8 sources. We detect 1 SNR from a Type Ia explosion (G344.7−0.1) and
12 from core collapse SNe; the emission from the Type Ia SNR is thought to arise
from a shocked cloud in front of the SNR rather than the ejecta (see Section 2.1.2
for more details). Of the SNRs in our survey with SN type classification, 87%
are core collapse with only three Type Ia SNe. This adds 27 new sources to the
current sample of three Galactic objects (4 including Large Magellanic Cloud) with
confirmed cool dust (<50 K).

Figure 2.1 demonstrates that we are biased towards detecting young SNRs
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Figure 2.1: Source types detected in the sample. Top: Number of detections of
sources of different ages. Bottom: Number of detections of different SN types.
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Figure 2.2: Location of sources from our sample within the Galactic Plane. We do
not see any bias in the location of detected sources.
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as those aged 65 kyr make up 61% of the sources in our survey which have esti-
mated ages. We are least likely to detect sources which do not have an estimated
age. These sources make up a large proportion of the fainter sources in our sam-
ple, making up 53 per cent of sources with a 1 GHz flux below 5 Jy. Furthermore,
the majority of these sources are not very well studied and there are few images
available to compare morphology.

Figure 2.2 compares the location of the sources on the sky with their as-
signed detection level in this work to check if there is any bias due to location (e.g.
due to higher levels of confusion expected towards the Galactic centre). We see
little evidence for any such bias.

We find that five Pinheiro Goncalves et al. (2011) detections are only a level
2 with Herschel and a further four are level 3 in this study. Some of these differences
are due to limitations of observing at FIR wavelengths. In many cases the FIR emis-
sion is too confused to distinguish between the ISM and any SNR related emission
which may be at a similar temperature. Furthermore, the Spitzer data (≤ 24µm)
has higher angular resolution (< 26′′ at 3.6 – 8.0 µm and 6′′ at 24 µm) than that of
Herschel and so may be better at resolving dust structures which emit at both MIR
and FIR wavelengths. An example of this issue is G27.4+0.0 (Figure 2.3) from
which Pinheiro Goncalves et al. (2011) detected clear structure at 24 µm similar to
the X-ray structure (Figure 22 in Pinheiro Goncalves et al. (2011)). We detect some
emission at 70 µm which may be associated with the SNR. However, extensive in-
terstellar dust emission to the west of the SNR makes any related dust emission
difficult to distinguish from the local ISM in Herschel wavebands. We note that
synchrotron radiation may also contribute at the long wavelengths but since the
majority of our detected sources are brightest at the shortest Herschel wavelengths,
the synchrotron contamination is minimal. We also do not expect the Herschel flux
to be dominated by line emission; studies of line intensity in two SNRs found a
negligible contribution in the Herschel wavebands (Gomez et al., 2012b; De Looze
et al., 2017).

We detect FIR emission from four out of the nine confirmed PWN sources
in our sample: G11.2−0.3, G21.5−0.9, G29.7−0.3 and G54.1+0.3 (see Section 2.1.2).
The discovery of cold dust in G54.1−0.3 has previously been reported based on
FIR and MIR observations (Temim et al., 2017; Rho et al., 2018). We do not de-
tect dust features related to the four ‘unconfirmed’ PWN candidates in our sample
(G12.0−0.1, G18.6−0.2, G22.7−0.2, and G27.8+0.6). The four detected PWNe all
have ages less than 2.5 kyr which could indicate a lack of dust in older PWNe due
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Figure 2.3: G27.4+0.0 - Top-left: Herschel colour image with X-ray contours over-
laid, colours are red = 250 µm, green = 160 µm, and blue = 70 µm. The same Her-
schel colour combinations are used in Figures 2.4 - 2.31. The white arrows indicate
emission at 70 µm which may be associated with SNR filaments detected at other
wavelengths. However, extensive dust emission to the west makes the region very
confused and FIR emission cannot be conclusively distinguished from the local
ISM. There is no dust emission detected at other Herschel wavelengths which cor-
responds to the X-ray contours. Top-right: Spitzer MIPS 24 µm image. Bottom-left:
Chandra three colour image, colours are red = 0.8− 1.7 keV, green = 1.7− 2.6 keV,
and blue = 2.6− 7.0 keV. The pulsar PSR J1841-0456 can be seen at the centre of
the SNR. Bottom-right: VLA 20 cm radio image. The white cross shows the X-ray
coordinates of the SNR centre.
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to destruction by the reverse shock at later times. However, this is a limited sam-
ple making it difficult to come to general conclusions, especially since the reverse
shock in G11.2−0.3 has already passed the ejecta material (Borkowski et al., 2016).
Both G29.7−0.3 and G54.1+0.3 were classified as level 3 detections by Reach et al.
(2006) using Spitzer but have been classified here as level 1 detections. The Herschel
dust emission is clear in the images of these sources due to the dust temperature
being above the typical ISM dust, potentially due to heating by the central PWN.
There is no IRAC detection of the PWNe associated with G11−0.2 or G21.5−0.9.
It may be that this source of heating does not increase the dust temperature by an
adequate amount for strong emission in the shorter wavelength IRAC bands.

Clearly there are limitations to detecting SNRs in the FIR and we have quite
complex selection effects. We easily detect dust in SNRs where the dust is at a
different temperature to the local ISM or where there is little contaminating fore-
ground/background dust. This biases us towards younger SNRs, or those with
a source of heating, such as a PWN or shock heating. A further selection effect
arises from the availability of radio and X-ray data as these images are used to vi-
sually compare FIR structures and determine if any FIR structures correlate with
the X-ray and radio structures associated with the SNR. If radio and X-ray data are
unavailable it can be difficult to clearly distinguish SN and ISM material.

2.1.2 RESULTS FOR INDIVIDUAL REMNANTS

Here we provide notes on individual sources for which we detect dust
within the SNR (shell or inner ejecta) in the Herschel three colour images. Detected
remnants (level 1 in Table 2.1) are highlighted in bold and possible detections (level
2 in Table 2.1) are highlighted in italics. Herschel FIR, Spitzer NIR/MIR and radio
images (where available) for the entire sample are shown in Figures A.1 and A.2.

G10.5-0.0: Brogan et al. (2006) detected a partial radio shell at a wavelength
of 90 cm from this remnant which has a potential X-ray counterpart (Sugizaki et al.,
2001). Pinheiro Goncalves et al. (2011) classified this source as a level 1 MIR de-
tection as there is 24 µm emission which roughly coincides with radio structures
in places. There is FIR emission to the north of the 24 µm structure, close to a
radio peak at α = 18h09m02.4s, δ = −19◦48′06.2′′ although we do not see a con-
vincing likeness to the radio structure (Figure A.2). There are also FIR peaks at
α = 18h09m07.4s, δ = −19◦46′18′′ and α = 18h09m06.8s, δ = −19◦47′09.8′′

which do not correlate with any radio emission.
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Figure 2.4: G11.1−1.0 - Top left: Herschel colour image. Top right: Spitzer IRAC four
colour image, colours are red = 8.0 µm, yellow = 4.5 µm, green = 5.8 µm, and blue
= 8.0 µm. Bottom: Spitzer MIPS 24 µm image. In both images, filaments of dust are
seen at the outer edges of the shocks. The white cross shows the radio coordinates
of the SNR centre from Green (2014).

G11.1−1.0 (Figure 2.4): Unstudied by both Reach et al. (2006) and Pin-
heiro Goncalves et al. (2011), we detect a shell of FIR dust emission in Figure 2.4.
This is brightest in the south-eastern region which is detected across all of the
Herschel bands. The structure is very similar to that in the 90 cm radio (Bro-
gan et al., 2006) and Hα (Stupar & Parker, 2011), especially in the filaments near
to α = 18h14m29s, δ = −19◦43′53′′, α = 18h14m30s, δ = −19◦49′00′′, and
α = 18h13m56s, δ = −19◦49′38′′. There is also bright 24 µm and IRAC (5.8 and
8.0 µm) emission from the shell coinciding with the Herschel emission, although
the entire structure is not covered by the 4.5 and 8.0 µm GLIMPSE bands or the
24 µm band.
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Figure 2.5: G11.1+0.1 - Left: Herschel three colour image. Right: Spitzer MIPS 24 µm
image. Dust is seen in an arc, with small clumps to the east of the remnant at the
outer shock (blue in the Herschel image). The white cross shows the radio coordi-
nates of the SNR centre from Green (2014).

G11.1+0.1 (Figure 2.5): This region is very confused; however, there is FIR
dust emission in a partial shell structure detected to the east of this remnant which
correlates with 90 cm radio emission detected by Brogan et al. (2004). Emission is
detected across all Herschel bands from a clump centred at α = 18h09m53s, δ =

−19◦10′21′′ and a much fainter extended filament near to α = 18h09m46s, δ =

−19◦15′12′′. Unstudied by Reach et al. (2006), this remnant was also a level 1
detection by Pinheiro Goncalves et al. (2011) who detected 24 µm emission at the
locations of bright radio knots.

G11.2−0.3 (Figure 2.6): This core-collapse remnant has a composite radio
morphology which is very similar to the X-ray shell (Vasisht et al., 1996; Cheva-
lier, 2005). Also associated with the SNR is a central pulsar (AX J1811.5-1926) at
α = 18h11m29.22s, δ = −19◦25′27.6′′ (Kaspi et al., 2001) which has almost the
same energy as expected at birth. X-ray morphology indicates that the surround-
ing PWN has been compressed and all ejecta reheated by the passage of the re-
verse shock (Torii et al., 1997; Borkowski et al., 2016). Detection of 1.644 µm [FeII]
emission from the shell and knots surrounding the PWN indicates the presence of
shocked CSM and ejecta material (Koo et al., 2007; Moon et al., 2009).

Expansion rates suggest that this is a young SNR with an estimated age of
around 1400 – 2400 yrs (Tam & Roberts, 2003; Borkowski et al., 2016). Reach et al.
(2006) suggested that, because of this young age, IRAC emission from shocked
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Figure 2.6: G11.2−0.3 - Top-left: Herschel three colour image with X-ray contours
overlaid showing the location of the PWN and outer shocks, due to interaction
with surrounding ISM / CSM. Dust is clearly seen in a bright ring and south of the
pulsar and its nebula. Top-right: Spitzer MIPS 24 µm image. Bottom-left: Chandra
three colour image, colours are red = 0.8− 1.2 keV, green = 1.2− 2.0 keV, and blue
= 2.0− 10.0 keV. Bottom-right: VLA 20 cm radio image. The white crosses show the
X-ray coordinates of the SNR centre, which is at the location of the central pulsar.
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Figure 2.7: G14.1−0.1 - Herschel 70 µm
image with 24 µm contours overlaid. The
magenta cross shows the radio coor-
dinates of the SNR centre from Green
(2014).
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Figure 2.8: G14.3+0.1 - Herschel 70 µm
image with 24 µm contours overlaid. The
magenta cross shows the radio coor-
dinates of the SNR centre from Green
(2014).

gas in filaments near α = 18h11m35s, δ = −19◦26′23′′ may originate from ejecta.
Pinheiro Goncalves et al. (2011) detected the same filaments as diffuse, unresolved
MIPS emission, and a shell which correlates with X-ray structures. Almost identi-
cal to the X-ray and 24 µm structure, we detect a ring of dust emission which is es-
pecially bright at 70 µm in Figure 2.6. The southern rim of the SNR is the brightest
region at 70 µm, as well as in the X-ray and MIR (MIPS and IRAC). The emission in
this region is much more confused at the longer Herschel bands. There is also bright
dust emission in the central region centred at α = 18h11m29s, δ = −19◦25′54′′

which coincides with X-ray emission from the central pulsar and its nebula. We
suggest that this could be ejecta dust heated by the PWN. We checked 12CO (J =
3→2) data from the CO High Resolution Survey (COHRS, Dempsey et al. (2013))
and found no detection from the SNR or surrounding ISM clouds.

G14.1−0.1 (Figure 2.7): Pinheiro Goncalves et al. (2011) detected a horse-
shoe shape of 24 µm emission roughly matching the radio shell structure (Brogan
et al., 2004). There is diffuse 70 µm emission to the north-east of the shell and a FIR
peak coinciding with a radio peak at roughly α = 18h16m41.6s, δ = −16◦39′11′′.

G14.3+0.1 (Figure 2.8): We clearly observe 70 µm emission coincident with
the radio partial shell structure detected by Brogan et al. (2006). There is emission
in the longer Herschel wavebands, however the structure is different and associa-
tion with the SNR is unclear.
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Figure 2.9: G15.9+0.2 - Herschel 70 µm
image with X-ray contours overlaid.
Dust is detected at 70 µm in a partial shell
which is brightest to the east. The white
cross shows the radio coordinates of the
SNR centre from Green (2014).

18h23m00s 20s 00s

-14°50'00"

55'00"

-15°00'00"

05'00"
 

 
De

cli
na

tio
n 

(J2
00

0)

Right Ascension (J2000)

Figure 2.10: G16.4−0.5 - Herschel three
colour image. Diffuse dust emission is
detected in the central region in blue
as indicated by the magenta circle. A
ridge of dust is detected at wavebands
of 250 µm and greater along the south-
ern edge of the remnant which probably
is not associated. The white cross shows
the radio coordinates of the SNR centre
from Green (2014).

G15.9+0.2 (Figure 2.9): This relatively young source (62400 yr) is the rem-
nant of a CCSN and contains the neutron star CXOU J1818 (Reynolds, 2006; Klochkov
et al., 2016). Strong lines in the X-ray indicate the presence of ejecta. This source
is undetected by IRAC; however, the 24 µm structure closely correlates with the
X-ray and radio. A partial shell of dust is detected around the eastern and south-
eastern edge of this remnant at the location of the X-ray and radio emission.

G16.4−0.5 (Figure 2.10): Unstudied by Reach et al. (2006), Pinheiro Goncalves
et al. (2011) classified this SNR as a level 1 MIPS detection. This SNR has a partial
radio shell morphology (Brogan et al., 2006). A region of diffuse dust emission at
70 µm is detected towards the centre of the remnant, identified by a magenta circle
in Figure A.2, which corresponds to emission at 24 µm. A 4′ long filament centred
on α = 18h22m17s, δ = −14◦52′51′′ is detected across all five Herschel wavebands
and coincides with MIPS (Pinheiro Goncalves et al., 2011) and IRAC emission.

There is bright emission in all Herschel bands along the southern ridge (red
structure in Figure 2.10). This emission seems to be of a similar temperature to, or
cooler than, the surrounding ISM and association with the SNR is unlikely.
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Figure 2.11: G18.6−0.2 - Herschel three
colour image. A partial shell of dust is
detected at the eastern edge of this rem-
nant, at the same location as radio struc-
tures. Two parallel filaments of dust are
detected in the north-eastern shell, be-
tween the two arrows. The white cross
shows the radio coordinates of the SNR
centre from Green (2014).
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Figure 2.12: G20.4+0.1 - Herschel three
colour image with 20 cm VLA contours
overlaid. FIR emission is detected within
the contours at all Herschel wavelengths.
The white cross shows the radio coor-
dinates of the SNR centre from Green
(2014).

G17.4−0.1: This SNR has a partial shell radio structure. The region is con-
fused in the FIR and it is difficult to distinguish any SNR emission from that of
the ISM. There is a bright FIR region to the west of the SNR which coincides with
24 µm emission and a radio peak detected by Brogan et al. (2006), although the
morphology is different and association is unclear.

G18.6−0.2 (Figure 2.11): Voisin et al. (2016) suggested that the pulsar PSR
J1826−1256 may be associated with this remnant as their estimated distances are
similar. Although there is dust emission in the region of the pulsar in Figure 2.11
at α = 18h26m08.2s, δ = −12◦56′46′′, it is indistinguishable from the local ISM
and unclear as to whether any of this is associated to the PSR J1826−1256. Dust
emission is detected at 70 µm from the eastern region of this shell-type SNR which
is brightest from two parallel filaments detected near to α = 18h26m00s, δ =

−12◦49′26′′ and α = 18h26m02s, δ = −12◦49′08′′. The morphology seems to
correlate with 90 cm radio emission from Brogan et al. (2006) and the partial shell
detected by Pinheiro Goncalves et al. (2011). At 160 µm the region is too confused
to determine if any emission is associated with the SNR, and in the longer Herschel
wavebands there is no evidence of SNR emission.
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Figure 2.13: G21.5−0.9 - Left: Herschel three colour image with X-ray contours over-
laid to show the location of the pulsar and PWN. Dust is observed in a clump in
the central area, at the location of the PWN. Right: Spitzer MIPS 24 µm image. Bot-
tom: Chandra colour image (red = 1.0 - 2.1 keV, green = 2.1 - 4.0 keV, and blue = 4.0
- 10.0 keV). The black crosses shows the X-ray coordinates of the SNR centre.

G20.4+0.1 (Figure 2.12): Pinheiro Goncalves et al. (2011) detected emission
correlating with the radio shell of this SNR. We detect FIR emission at all Herschel
wavelengths which lies within the radio contours, as shown in Figure 2.12.

G21.5−0.9 (Figure 2.13): This Crab-like remnant has a pulsar (PSR J1833-
1034) at its centre with a non-thermal X-ray halo (Camilo et al., 2006). Properties
of the PWN, the pulsar, and the shell suggest that the remnant is . 1000 years
old (Camilo et al., 2006) and HI and CO observations tell us that this SNR is at
a distance of 4.8 kpc (Tian & Leahy, 2008). Emission at all Herschel bands is de-
tected at α = 18h33m33.8s, δ = −10◦34′14′′, slightly offset from the location of
the central pulsar and its wind nebula as shown by X-ray contours in Figure 2.13.
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Figure 2.14: G21.5−0.1 - Left: Herschel three colour image. Dust is observed in
the central region in a filled shell. The arrows indicate filaments of dust which
correlate with the IRAC detection by Reach et al. (2006). Right: Spitzer IRAC four
colour image, colours are red = 8.0 µm, yellow = 5.8 µm, green = 4.5 µm, and blue =
3.6 µm. The white cross shows the radio coordinates of the SNR centre from Green
(2014).

This is more confused with the local environment at longer wavebands. Pinheiro
Goncalves et al. (2011) also made a level 1 detection of the central region. We sug-
gest that dust in this region is heated by the PWN. We checked 13CO (J = 1→0)
data from the Galactic Ring Survey (GRS, Jackson et al. (2006)) and found no CO
detection towards the SNR.

G21.5−0.1 (Figure 2.14): Dust is observed in a filled shell from this rem-
nant at all Herschel wavelengths, which correlates with the 24 µm emission (Pin-
heiro Goncalves et al., 2011) and the 90 cm radio structure detected by Brogan
et al. (2006). Filaments of dust are indicated in Figure 2.14. This includes a ∼ 2.5′

bright filament detected to the east, centred near α = 18h31m01s, δ = −10◦09′54′′

which is also detected in the MIR. Another FIR detected filament is centred near
α = 18h30m41.5s, δ = −10◦10′47′′ and is roughly 1.6′ long. Although unstudied
by Reach et al. (2006), Pinheiro Goncalves et al. (2011) detected MIPS and IRAC
emission along the southern ridge.

Nevertheless, the origin of this emission requires further study. Anderson
et al. (2017) suggests that this is a H II region which has been incorrectly classified
as a SN structure. This is because the entire structure coincides with the WISE H II

region G21.560−0.108 and Pinheiro Goncalves et al. (2011) derived a high MIR to
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radio flux ratio indicative of H II regions

G23.6+0.3: Pinheiro Goncalves et al. (2011) detected an elongated region
of 24 µm emission at the location of the SNR radio structure. However, they ar-
gue that the SNR morphology more closely resembles that of a HII region than a
SNR, and the nature of this object should therefore be reconsidered. There is FIR
emission in the region of the radio structure, however this is offset (A.2).

G27.4+0.0: This shell-type SNR is thought to have been produced by a very
massive progenitor (& 20M�) between 750 and 2100 years ago (Kumar et al., 2014).
Although there is a very good detection at 24 µm, the region is confused at Herschel
wavelengths (Figure 2.3). We find some evidence of dust emission at 70 µm in the
region which may be associated with X-ray and 24 µm SNR filaments. However,
we cannot definitively conclude this as there is extensive interstellar dust emission
to the west confusing the region at FIR wavelengths.

G29.6+0.1: This is a young remnant (< 8000 yrs, Gaensler et al., 1999) with a
non-thermal radio shell and an associated compact source (AX J1845−0258) which
is likely a pulsar (Gaensler et al., 1999; Vasisht et al., 2000). Broad molecular
lines have been detected towards the remnant, suggesting that it is interacting
with a molecular cloud (Kilpatrick et al., 2016). Numerous young stellar objects
are detected in this field, including FIR bright sources at α = 18h44m51s, δ =

−02◦55′18′′, α = 18h44m53.3s, δ = −02◦56′03′′, and α = 18h44m49.2s, δ =

−02◦58′15′′ (Veneziani et al., 2013). There is also FIR emission across all Her-
schel and Spitzer bands coincident with the radio source at α = 18h44m55.1s, δ =

−02◦55′36.9′′ (Gaensler et al., 1999). The radio shell is not detected by IRAC or
MIPS, although at Herschel wavelengths there is emission which may be associated
(Figure A.2). However, contamination from local ISM to the south-west makes it
difficult to distinguish SNR emission.

G29.7−0.3 (Figure 2.15): It is possible that this SNR resulted from a Wolf-
Rayet star which exploded as a type Ib/c SN after clearing a ∼ 10 pc bubble
(Morton et al., 2007). CO observations of an associated molecular cloud puts the
remnant at a kinematic distance of ∼ 10.6 kpc, at the far side of the Sagittarius
arm (Su et al., 2009). Although there is bright MIPS emission from this remnant
in both a partial shell and central region (level 1 by Pinheiro Goncalves et al.
(2011)), there is no clear emission at IRAC wavelengths from the SNR (level 3
by Reach et al. (2006)). It was suggested that the lack of IRAC emission from
the shell is due to shock destruction of small dust grains (Morton et al., 2007).
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Figure 2.15: G29.7−0.3 (Kes 75) -Top-left: Herschel three colour image with X-ray
contours from Chandra overlaid. Dust is detected in a central clump at the same
location as the pulsar and PWN. Top-right: Spitzer MIPS 24 µm image. Bottom-left:
Chandra colour image (red = 1.0 - 1.7 keV, green = 1.7 - 2.6 keV, and blue = 2.6 -
8.0 keV). Bottom-right: VLA 20 cm radio image. The white crosses shows the X-ray
coordinates of the SNR centre.
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Figure 2.16: SNR 3C391 (G31.9+0.0) -
Herschel three colour image with X-ray
contours overlaid. The two diamonds in-
dicate the locations of the two OH masers
(Frail et al., 1996). Dust is detected at
the outer edges of the shock in a semi-
circular shell. The white cross shows the
X-ray coordinates of the SNR centre.
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Figure 2.17: G33.2−0.6 - Herschel three
colour image. Dust is detected in fila-
ments in an arc towards the western shell
of the SNR, indicated by the lower ar-
row. Two filaments seem to extend to
from this arc as indicated by the upper ar-
rows; a filament extending to the north is
detected in all Herschel wavebands, and
a cooler filament extending to the north-
east is detected in all but 70 µm. The
white cross shows the radio coordinates
of the SNR centre.

At 70 µm in Figure 2.15 we detect a region of diffuse dust emission centred at
α = 18h46m24.9s, δ = −02◦58′30′′, at the same location as X-ray emission from
the PWN and the central pulsar (Helfand et al., 2003b). At the longer Herschel
wavelengths there is too much confusion to distinguish if there is any cold dust
in the SNR. There is FIR emission from the shell region coinciding with a bright
24 µm structure, however this is much less bright and difficult to detect in some
regions. The object detected at α = 18h46m19s, δ = −02◦59′03′′ is a young stellar
object (Veneziani et al., 2013).

3C 391, G31.9+0.0 (Figure 2.16): This is a young mixed-morphology SNR
with an incomplete radio shell structure (Goss et al., 1979). Both Reach et al. (2006)
and Pinheiro Goncalves et al. (2011) classified this SNR as a level 1 detection. Reach
et al. (2006) found MIR emission originating from shocked molecular gas at α =

18h49m23s, δ = −00◦57′38′′ and α = 18h49m29s, δ = −00◦55′00′′, at the ends of
the SNR’s bright semicircular radio shell. The southern patch is coincident with
one of two 1720 MHz OH masers detected in the SNR where the remnant seems to
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be breaking into the edge of a molecular cloud (Frail et al., 1996). The MIR patches
are well detected by Herschel in Figure 2.16; the southern patch is detected at all
Herschel bands, however the northern patch is detected only at 70 and 160 µm.
Beyond these points, FIR emission extends into an arc around the northwestern
shell in all Herschel bands, although there is confusion at bands other than 70 µm.

Reach et al. (2006) discussed a bar of shocked, ionised gas from which both
Reach et al. (2006) and Pinheiro Goncalves et al. (2011) concluded there was a con-
tribution of [Fe II] 5.34 µm line emission. This bar coincides with the brightest
part of the radio shell and is also detected in the FIR at 70 and 160 µm near to
α = 18h49m16s, δ = −00◦55′03′′. The FIR emission is likely associated with dust
rather than line emission considering the high luminosity of dust at 70 – 160 µm as
in the cases of the Crab, Cas A (Gomez et al., 2012b; De Looze et al., 2017), and
three SNRs studied ourselves in Section 3.1.

G33.2−0.6 (Figure 2.17): A partial shell is detected to the western edge of
this remnant which has a higher temperature than the surrounding medium as
seen in Figure 2.17. This arc corresponds to the 1465 MHz radio structure detected
by Dubner et al. (1996). Most noticeable are two filaments; the inner one is ∼ 5′

with a midpoint near α = 18h53m35s, δ = −00◦00′36′′, and the outer filament is
∼ 15.5′ near to α = 18h53m43s, δ = +00◦04′22′′. These filaments are detected at
Spitzer wavelengths, although neither Reach et al. (2006) nor Pinheiro Goncalves
et al. (2011) classified this source as a clear detection. FIR emission is also detected
at the location of the compact IRAS source (IRAS 18509−0015) to the south-west
of the SNR at α = 18h53m29s, δ = −00◦12′03′′. To the north of the remnant
there are two filaments detected, one cooler which is visible in red in Figure 2.17,
and another warmer filament extending to the north which is visible in blue and
is detected in all Herschel wavebands. Both of these filaments are outside of the
region of radio emission, and we therefore cannot confidently determine whether
these are associated with the remnant.

Kes 79, G33.6+0.1: This mixed-morphology SNR is most likely in the Sedov-
Taylor phase of evolution, with an age of 4.4 – 6.7 kyr (Zhou et al., 2016). CO obser-
vations suggest that the remnant is interacting with molecular clouds to the east
(e.g. Green & Dewdney, 1992; Zhou et al., 2016). Pinheiro Goncalves et al. (2011)
detected 24 µm emission corresponding to the X-ray filaments to the east and the
brightest X-ray contours.

Although there are FIR features which may correspond to the SNR (Fig-
ure A.2) this isn’t clear; the region is confused and there is extensive FIR emission
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Figure 2.18: SNR W44 (G34.7−0.4) - Herschel three colour image. Dust is seen in
filaments at the outer edges of the shock and is brightest to the west. The bright
patch of emission to the east is likely an H II region (Rho et al., 1994). The white
cross shows the X-ray coordinates of the SNR centre.

from the local ISM. A circle of FIR emission of radius∼ 0.66′ at α = 18h52m39s, δ =

+00◦41′59′′ coincides with an IR bubble (Simpson et al., 2012) and an X-ray dark
region. There are also FIR point sources corresponding to MIR sources which may
be protostars (Reach et al., 2006) in an infrared dark cloud along the eastern edge.
There is no dust emission in the region of the X-ray point source.

W44, G34.7−0.4 (Figure 2.18): This large core-collapse SNR has a well de-
fined radio shell which is centrally filled by thermal X-ray emission (Jones et al.,
1993; Rho et al., 1994) and was a level 1 detection by both Reach et al. (2006) and
Pinheiro Goncalves et al. (2011). Similar to the MIR structure, the FIR dust emis-
sion traces the radio elliptical shell, although the FIR is fainter towards the south.
At MIR wavelengths shocked H2 is detected along the eastern border (Reach et al.,
2005b) where the SNR is interacting with a molecular cloud (Giacani et al., 1997;
Yusef-Zadeh et al., 2003; Reach et al., 2006). We detect 70 and 160 µm emission at
this edge which is possibly from shock-heated dust. We also detect bright FIR fila-
ments at the western edge, closely following the radio structure. There is some po-
tential detection of emission at the longer Herschel wavebands, however the emis-
sion is much more confused. The patch of bright emission to the east, centred at
α = 18h57m05s, δ = +01◦18′40′′ is probably an HII region (Rho et al., 1994). We
do not detect emission in the region of the pulsar, PSR B1853+01, which is located
at α = 18h56m10.65s, δ = +01◦13′21.3′′.

G35.6−0.4: Recently re-classified as a SNR rather than a HII region, this
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Figure 2.19: SNR 3C 396 (G39.2−0.3) - Left: Herschel three colour image with radio
(20 cm) contours overlaid. Right: Herschel 70 µm image. Within the magenta circle,
FIR emission is detected at the location of a blowout tail detected at 1465 MHz
(Patnaik et al., 1990). Filamentary dust is detected at the western outer edges of the
shocks and in regions of very high radio polarisation, as indicated by the arrows.
The white cross shows the X-ray coordinates of the SNR centre.

shell-type remnant is likely around 30,000 yrs old and at a distance of 3.6± 0.4 kpc
(Green, 2009; Zhu et al., 2013). Pinheiro Goncalves et al. (2011) classed this as a
level 1 detection although there is not a convincing likeness between IR and radio
emission. There is a FIR structure to the south-east of the SNR which does not
have a similar morphology to radio emission (Zhu et al., 2013). A 3.5′ rim of dust
at α = 18h58m12s, δ = +02◦08′47′′ may be associated with the radio structure,
although this is unclear.

FIR emission is detected from the planetary nebula PN G35.5−0.4 at α =

18h57m59.5s, δ = +02◦07′07′′ whose distance has been estimated as 3.8± 0.4 kpc
(Zhu et al., 2013). There is also dust emission coinciding with a molecular clump
towards the centre of the gamma ray source HESS J1858+020 at α = 18h58m21s, δ =

+02◦05′12′′ (HESS Collaboration, 2008c). A YSO embedded in this clump proba-
bly belongs to a larger molecular cloud which is interacting with G35.6−0.4 and a
nearby H II region (Paron et al., 2011).

3C 396, G39.2−0.3 (Figure 2.19): There was a level 1 detection of this SNR
by both Reach et al. (2006) and Pinheiro Goncalves et al. (2011). Similar to the MIR
detection described by Reach et al. (2006), FIR emission from this SNR is mainly
detected from three regions:
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Figure 2.20: W49B (G43.3−0.2) - Herschel
three colour image overlaid with radio
20 cm contours. Shock heated dust is
seen in filaments in a barrel-hoop struc-
ture. The white cross shows the X-ray co-
ordinates of the SNR centre.
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Figure 2.21: G54.1+0.3 - Herschel three
colour image with X-ray contours from
Chandra overlaid. Dust is observed in a
central region at the location of the PWN.
The white cross shows the X-ray coordi-
nates of the SNR centre. For details on
the discovery of dust in this source see
Temim et al. (2017) and Rho et al. (2018).

A bright region of emission in Figure 2.19 at α = 19h04m26s, δ = +05◦27′55′′

(within the magenta circle) coincides with the radio blowout tail (see Patnaik et al.,
1990 Figures 1 and 2 ) which extends out of the east shell and over the top of the
SNR. FIR emission from the tail is detected in the five Herschel bands. High radio
polarisation and bright emission in the longer Herschel channels is consistent with
synchrotron dominated FIR emission in the region. Cruciani et al. (2016) found a
significant correlation between the FIR and radio, 1.5 GHz, emission in this region,
although they could not rule out that this is due to diffuse interstellar emission.

Filamentary emission is detected on the western side of this remnant, near
to α = 19h03m56s, δ = +05◦25′46, across all of the Herschel bands, although at
bands longer than 70 µm this is very confused with ISM emission. It is suggested
that MIR emission at the same location originates from shocked, ionised gas (Reach
et al., 2006) suggesting that the FIR emission in this region could originate from
warm, shocked dust.

FIR emission is detected at all Herschel wavelengths to the east of the SNR
in a region of very high radio polarisation. At 70 and 160 µm this is resolved
into two filaments at α = 19h04m17s, δ = +05◦27′07′′ and α = 19h04m19s, δ =

+05◦26′33′′ (right panel of Figure 2.19).
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Figure 2.22: G54.4−0.3: Herschel three
colour image. Filaments of dust are ob-
served at the outer edges of the shocks, as
indicated by the white arrows. The white
cross shows the X-ray coordinates of the
SNR centre.
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Figure 2.23: Kes 17 (G304.6+0.1) - Her-
schel three colour image. An arc of dust is
seen on filaments to the western edge of
the outer shocks. The white cross shows
the radio coordinates of the SNR centre
from Green (2014).

W49B, G43.3−0.2 (Figure 2.20): W49B is the first bipolar Type Ib/Ic SNR
discovered in the Milky Way, which contributes to its rather unique radio barrel-
hoop structure (Moffett & Reynolds, 1994; Lopez et al., 2013). X-ray emission is
dominated by ejecta emission which suggests that the SNR is young (Hwang et al.,
2000). The radio/IR morphologies seem anti-correlated with the X-ray emission.

Both Reach et al. (2006) and Pinheiro Goncalves et al. (2011) detected this
SNR to level 1. The FIR emission at 70, 160 and 250µm in Figure 2.20 follows the
MIR and radio morphology. The emission is especially bright to the southwest
where there is a detection in all Herschel wavebands although in the longer wave-
bands it is very confused. At 70 – 250 µm we detect a∼ 1′ filament of emission cen-
tred at α = 19h11m07s, δ = +09◦07′01′′. Reach et al. (2006) detected MIR emission
due to ionic shocks from this filament, as we detect FIR continuum emission, it is
likely that this is from shock-heated dust. Reach et al. (2006) also established that
MIR emission in the outer shell to the east and southwest is from shocked molec-
ular gas where the SNR is interacting with a molecular cloud which encapsulates
the wind-blown bubble surrounding the SNR (Keohane et al., 2007).

G54.1+0.3 (Figure 2.21): Described as a ‘close cousin’ of the Crab Nebula,
this remnant has a central PWN and an IR shell ∼1.5′ from the pulsar (Koo et al.,
2008). Timing measurements of the central pulsar suggest a characteristic age of
2900 yr (Camilo et al., 2002) and CO and HI observations suggest a distance of
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6.2 kpc (Leahy et al., 2008).
Both Reach et al. (2006) and Pinheiro Goncalves et al. (2011) classified this

SNR as a level 3 detection, although there is bright 24 µm emission at the location
of the PWN. Temim et al. (2017) detected an infrared shell to the south and west of
the PWN. They completed a detailed analysis of MIR and FIR emission from the
shell in the region of the PWN and found that their models require a minimum
dust mass of 1.1 ± 0.8 M�. Rho et al. (2018) fit the FIR-mm SED to derive a total
dust mass of 0.08 - 0.9M� depending on the grain composition. It is thought that
the reverse shock has not yet reached this shell which might originate from dust in
the SN ejecta potentially heated by early-type stars (Temim et al., 2010). However,
the origin of the emission requires further investigation as Anderson et al. (2017)
suggest that the structure is a mistakenly classified H II region, although faint, dif-
fuse radio emission in the centre area may be associated with the SNR.

G54.4−0.3 (Figure 2.22): This SNR is located in an extended cluster of young
population I objects from which molecular material was blown in to a shell by
stellar winds before the supernova exploded (Junkes et al., 1992). Reach et al.
(2006) detected two MIR filaments likely corresponding to the location of shocks
propagating into the bubble and/or molecular cloud, although their MIR colours
are consistent with photo-dissociation regions (Reach et al., 2006). The same fil-
aments are detected by Pinheiro Goncalves et al. (2011) and across the five Her-
schel wavebands as shown in Figure 2.22 at α = 19h32m08s, δ = +19◦02′56′′ and
α = 19h33m13s, δ = +19◦16′20′′.

G55.0+0.3: This shell-type remnant is at an estimated distance of 14 kpc and
is highly evolved, aged around 1.9× 106 yrs (Matthews et al., 1998). Like Reach
et al. (2006) and Pinheiro Goncalves et al. (2011) at MIR wavelengths, we detect
an arc of FIR emission near to α = 19h32m05s, δ = +19◦46′41′′ which could be
associated with the eastern shell (Figure A.2). However, it is difficult to disentangle
SNR and ISM emission, making an association unclear.

Kes 17, G304.6+0.1 (Figure 2.23): This middle-aged SNR (28 – 64 kyr, Combi
et al., 2010b) is interacting with several massive molecular clouds causing bright
filaments to the west by shock compression (Combi et al., 2010b). Reach et al.
(2006) attributed MIR emission in the shell to molecular shocks. As shown in Fig-
ure 2.23, there is bright FIR emission in this region across all of the Herschel bands
which is likely due to dust heated by shocked gas. There is also some diffuse 70 µm
emission along the southern ridge and longer wavelength emission towards the
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Figure 2.24: G310.8−0.4 - Herschel three
colour image with radio contours from
MOST overlaid. The arrows indicate
FIR emission which correlates with radio
structure.
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Figure 2.25: G311.5−0.3 - Herschel three
colour image. A ring of dust emission is
detected at the outer edges of the shocks.
The white cross shows the X-ray coordi-
nates of the SNR centre.

south east, although it is unclear whether this is associated with the SNR.

G310.8-0.4 (Figure 2.24) This SNR has a bright eastern radio shell at 0.843
GHz which is less defined to the west (Whiteoak & Green, 1996). Reach et al.
(2006) and Pinheiro Goncalves et al. (2011) detected emission coinciding with radio
contours to the south-east and part of the structure in the north-west. A 4.4′ rim of
diffuse FIR emission is detected near α = 14h00m44s, δ = −62◦19′03′′ which may
be associated with the SNR (Figure A.2). However this is unclear as the region
is very confused in FIR and potentially related emission cannot be distinguished
from the local ISM. Filaments of FIR emission to the north of the SNR seems to
correlate with radio emission, as indicated by the arrows.

G311.5−0.3 (Figure 2.25): This shell-type SNR is clearly detected by Her-
schel in Figure 2.25 as a shell of dust emission similar to that detected by Reach
et al. (2006) and Pinheiro Goncalves et al. (2011). Detection of H2 emission sug-
gests that this SNR is interacting with molecular clouds (Andersen et al., 2011)
and Reach et al. (2006) suggested that MIR emission is from shocked gas. At
70 µm the FIR shell is brightest along the south west ridge, especially near α =

14h05m22s, δ = −61◦58′06′′. However in the longer wavelength Herschel im-
ages the brightest emission is towards the eastern and south-eastern edge of the
shell. Like Reach et al. (2006) we detect bright sources near α = 14h05m24.3s, δ =
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Figure 2.26: RCW 103, G332.4−0.4 - Left: Herschel 70 µm image with X-ray con-
tours overlaid. An arc of dust in the south coincides with X-ray structure and
filaments to the north-west correspond with dust emission at 24 µm, as indicated
by the arrows. Right: Spitzer MIPS 24 µm image. The white cross shows the X-ray
coordinates of the SNR centre.

−61◦57′07′′ and α = 14h05m23.5s, δ = −61◦56′58′′, although at the Herschel reso-
lution these two sources are unresolved.

RCW 103, G332.4−0.4 (Figure 2.26): This shell-type remnant is at a distance
of ∼3.1 kpc and the expansion velocity suggests an age of around 2000 yrs (Carter
et al., 1997). The associated compact central object, 1E 161348-5055, which does not
have a detected PWN (e.g. Tuohy & Garmire, 1980; Reynoso et al., 2004) is most
likely a magnetar with an extremely long period of 6.67 hrs (Rea et al., 2016). X-
ray emission across the SNR is dominated by shocked CSM with weaker emission
from metal-rich ejecta and has been suggested to have had a ∼18 – 20M� progen-
itor with high mass-loss rate (Frank et al., 2015). The SNR is interacting with a
molecular cloud on its southern side (Oliva et al., 1990, 1999).

There is a ∼1.7′ rim of 70 µm emission along the southern edge of the SNR
in Figure 2.26, near α = 16h17m36s, δ = −51◦06′13′′, which is undetected in the
other Herschel bands. This coincides with X-ray and MIR structure detected by
Reach et al. (2006) and Pinheiro Goncalves et al. (2011) and is at a higher tem-
perature than FIR structures to the east. The more resolved IRAC image suggests
that this region consists of two emitting areas dominated by ionic and molecular
shocks.

G337.2−0.7: Pinheiro Goncalves et al. (2011) detected 24 µm emission from
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Figure 2.27: G340.6+0.3 - Left: Herschel three colour image. A shell of dust corre-
lates is seen which is brightest along the southern edge. Right: Spitzer MIPS 24 µm
image. Overlaid contours are radio MOST (white) and Chandra (cyan). The white
cross shows the X-ray coordinates of the SNR centre.

filaments in this SNR which form two shell type features, corresponding to X-
ray structure. Although there is some emission at 70 µm (Figure A.2) it is unclear
whether this is associated with the SNR. There is a FIR region to the north-east
coinciding with 24 µm emission, however this does not correspond to the X-ray
structure and it is unlikely to be associated with the SNR.

G340.6+0.3 (Figure 2.27): This shell-type SNR is at a distance of 15 kpc, on
the other side of the Galaxy (Kothes & Dougherty, 2007). Like Pinheiro Goncalves
et al. (2011), we detect a shell of dust, as seen in Figure 2.27, which correlates with
the 1.4 GHz radio shell (Caswell et al., 1983a). This emission is not seen in the
IRAC wavebands (Figure A.2); some MIR emission is detected in the region but is
not clearly associated with the SNR.

G344.7−0.1 (Figure 2.28): This relatively young SNR (∼3000 yrs) has an es-
timated distance of 14 kpc (Yamaguchi et al., 2012) and is classified as a mixed-
morphology remnant, having thermal X-ray emission which completely fills the
radio shell (Yamauchi et al., 2005; Combi et al., 2010a; Giacani et al., 2011). The
radio emission is brightest towards the north-western side where the remnant is
expected to be interacting with a molecular cloud (Combi et al., 2010a). Strong
Fe K-shell ejecta emission and the abundance pattern of α-elements suggests that
this is a Type Ia SNR (Yamaguchi et al., 2012). The SNR contains a large mass of
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Figure 2.28: G344.7−0.1 - Herschel three
colour image. A region of dust emission
is detected to the north of the remnant
(within the magenta circle), centred at
α = 17h03m55s, δ = −41◦40′43′′. MIPS
24 µm contours are overlaid. The white
cross shows the X-ray coordinates of the
SNR centre.
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Figure 2.29: G348.5−0.0 and CTB 37A,
G348.5+0.1 - Herschel three colour im-
age. The diamonds indicate the loca-
tions of OH 1720 MHz masers (Frail et al.,
1996). Dust emission from G348.5−0.0 is
detected as indicated by the arrow, and
emission from CTB 37A is detected along
the north-western edges of the rem-
nant. The white crosses show the radio
and X-ray coordinates of the centres of
G348.5−0.0 (north-east) and G348.5+0.1
(south-west) respectively.

hydrogen (&150 M�) which implies that the SNR is dominated by swept up ISM.
Reach et al. (2006) detected an irregular MIR structure to the north of the

SNR originating from shocked ionised gas, which coincides with a central radio
peak (Giacani et al., 2011). We also detect FIR emission from this structure in Fig-
ure 2.28, centred at α = 17h03m55s, δ = −41◦40′43′′, although the Herschel de-
tection is less resolved. It is likely that this emission arises from the interaction
between the SN shock and a molecular cloud in front of the SNR (Giacani et al.,
2011).

G345.7−0.2: This SNR has a faint disk radio morphology and a peak close
to the pulsar PSR J1707-4053, which is probably unrelated (Taylor et al., 1993;
Whiteoak & Green, 1996). We detect a diffuse region of 70 µm emission (Figure A.2)
centred at α = 17h07m39s, δ = −40◦54′31′′, extending roughly 2′ which correlates
with MIPS 24 µm and 0.843 GHz radio emission (Whiteoak & Green, 1996). We find
no other evidence of SNR-related emission in the region. We suggest that the SNR
centre is offset from that of Green (2014) and the bar detected could be part of a
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Figure 2.30: CTB 37B, G348.7+0.3 - Her-
schel three colour image. Dust emission
is detected in a partial shell structure
around the northern edge of the remnant.
The white cross indicates the X-ray coor-
dinates of the SNR centre.
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Figure 2.31: G349.7+0.2 - Herschel three
colour image with X-ray contours over-
laid. The five OH masers are indicated
by diamonds (Frail et al., 1996). Dust
emission is observed at the western edge,
where the remnant is interacting with a
dense cloud. The blue cross shows the X-
ray coordinates of the SNR centre.

structure extending to the east.

G346.6−0.2: Reach et al. (2006) detected a narrow rim of emission connect-
ing three OH 1720 MHz masers along the southern shell. There is FIR emission
which potentially corresponds to this structure (Figure A.2), however the region is
very confused as there is extensive dust emission to the north and west of the SNR.

G348.5−0.0 (Figure 2.29): Originally thought to be a jet associated with CTB
37A, this was classified by Kassim et al. (1991) as a separate partial shell remnant.
HI 21-cm absorption measurements suggest that this remnant is at a distance of
≤6.3 kpc (Tian & Leahy, 2012). In Figure 2.29 we detect a ∼1.7′ arc of dust emis-
sion centred at α = 17h15m03.5s, δ = −38◦33′30′′. This is detected across all Her-
schel wavebands, although is very confused for λ > 160 µm. Reach et al. (2006)
suggested that this MIR emission is dominated by emission lines from shocked
gas.

The OH 1720 MHz masers at α = 17h14m34.8s, δ = −38◦29′16′′ and α =

17h14m36.5s, δ = −38◦29′25′′ have a significantly different velocity to the other
eight in the region which are associated with CTB 37A (Frail et al., 1996). It is sug-
gested that these two are related to a nearby molecular cloud (Reynoso & Mangum,
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2000) lying to the west of G348.5−0.0 with which the remnant is likely to be inter-
acting. We do not detect FIR emission at the location of these masers.

CTB 37A, G348.5+0.1 (Figure 2.29): Recently classified as a mixed mor-
phology remnant (Sezer et al., 2011; Yamauchi et al., 2014b), this SNR has a radio
shell-like structure in the north and a “breakout" to the south-west, and has ther-
mally dominated central X-ray emission. At a distance in the range of 6.3 – 9.5 kpc,
its proximity to both G348.5−0.0 and CTB 37B is coincidental (Tian & Leahy, 2012).
There are eight OH 1720 MHz masers associated with the SNR which have a sim-
ilar velocity to incident CO (1–0) clouds detected by Reynoso & Mangum (2000)
which are to the north-west and centre of the SNR.

The Herschel emission in Figure 2.29 is very confused. Similar to Reach et al.
(2006), we detect dust emission along the northern edge in a ∼ 4.3′ arc centred at
α = 17h14m35s, δ = −38◦28′22′′ and filaments along the western edge near to
α = 17h14m46s, δ = −38◦32′33′′. Emission in the northern region coincides with
an OH 1720 MHz maser and is suggested by Reach et al. (2006) to originate from
shocked molecular gas where the SNR has encountered very dense gas. We also
detect dust emission in the region of the “breakout" structure to the south of the
SNR.

CTB 37B, G348.7+0.3 (Figure 2.30): This relatively young (∼4900 yrs, HESS
Collaboration, 2008a) SNR has a non-thermal radio shell (Whiteoak & Green, 1996)
and a magnetar which is slightly off-centre (Halpern & Gotthelf, 2010). 21 cm HI

absorption indicates a distance of ∼13.2 kpc (Tian & Leahy, 2012).
The region around the SNR is confused due to bright emission from IR bub-

bles at α = 17h14m38.2s, δ = −38◦10′18′′ and α = 17h13m40.3s, δ = −38◦17′33′′.
We detect dust emission in Figure 2.30 around the northern edge of the SNR which
coincides with the radio structure and is at a higher temperature than the sur-
rounding medium.

G349.7+0.2 (Figure 2.31): The radial velocities of OH 1720 MHz masers
suggest that this shell-type SNR is at a large distance of∼ 22 kpc (Frail et al., 1996),
making it one the most X-ray luminous Galactic remnants (Slane et al., 2002). X-ray
temperature fits give an age of ∼2800 yrs. The presence of OH 1720 MHz masers
and shocked molecular gas imply that the SNR is interacting with a molecular
cloud. The MIR SNR shell is much brighter to the eastern side where a shock is
propagating into the edge of a roughly cylindrical cloud (Reach et al., 2006). Like
the MIR, the FIR emission in Figure 2.31 peaks in the region of the OH 1720 MHz
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masers, near α = 17h18m00s, δ = −37◦26′09′′.

2.2 CONCLUSIONS

We follow Reach et al. (2006) and Pinheiro Goncalves et al. (2011) who pre-
viously studied dust in Galactic SNRs using MIR emission, and search for FIR
structures and potentially cooler dust emission using Herschel images. We classify
SNRs as levels 1 – 4 where level 1 is a detection (FIR emission which is clearly corre-
lated with radio, MIR, or X-ray structures and can be distinguished from ISM) and
level 4 is not detected in the FIR. From our sample of 71 sources, we add 27 new
SNRs to the current sample of four (Cas A, Crab, Kepler, and Tycho) in our Galaxy
that contain cool dust (<50 K) associated with the SNR. This is a lower limit to the
number of dusty SNRs in our sample as we suffer from a number of biases, such as
confusion with cool ISM and reliance on previous detections in other wavebands,
which make more evolved, cooler, and/or fainter SNRs more difficult to detect.

We show that dust is detected from the central region of 8 sources, one of
which was recently discussed elsewhere (Temim et al., 2017; Rho et al., 2018) and
three of which (G11.2−0.3, G21.5−0.9, and G29.7−0.3) are new detections of FIR
emission coinciding with the locations of pulsar wind nebulae.
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CHAPTER 3
DUSTY PULSAR WIND NEBULAE

‘The most exciting phrase to hear in science, the
one that heralds the most discoveries, is not
‘Eureka!’ but ‘That’s funny’...’

ISAAC ASIMOV

In Chapter 2 we discovered dust emission in the central regions of three pul-
sar wind nebulae (PWNe), G11.2−0.3, G21.5−0.9, and G29.7−0.3. In this Chapter,
we derive dust masses and temperatures for these three PWNe using traditional
modified blackbody fits to the FIR and submm spectral energy distributions and
also by using a more advanced technique (PPMAP) to derive dust masses and in-
vestigate dust properties. This work has been published in Chawner et al. (2019).

3.1 THE MASS OF DUST IN G11.2−0.3, G21.5−0.9, AND

G29.7−0.3

3.1.1 FLUXES OF G11.2−0.3, G21.5−0.9, AND G29.7−0.3

To estimate the mass of dust within G11.2−0.3, G21.5−0.9, and G29.7−0.3,
we must first measure the flux. The flux density for the central region (PWN) of
each SNR was estimated using aperture photometry on MIR – FIR images from
Spitzer MIPS (24 µm) and Herschel. The IRAC images are not used as we do not
see emission from the SNRs in the region of the PWN in these wavebands and
the measured emission is dominated by unrelated point sources. Apertures of
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Wavelength, µm
Flux Density, Jy

G11.2−0.3 G21.5−0.9 G29.7−0.3
24 5.6± 0.3 0.19± 0.02 0.20± 0.03
70 47.7± 6.7 4.1± 0.3 5.6± 1.0

160 71.9± 15.7 6.6± 0.7 3.2± 4.0
250 26.6± 5.5 3.0± 0.9 0.55± 2.10
350 10.1± 3.0 1.5± 0.8 0.19± 1.15
500 2.3± 0.9 1.2± 0.4 0.02± 0.20

Table 3.1: Background subtracted flux measured for each SNR at FIR wavelengths.

1.9′, 1.7′, and 1.2′ in diameter were centred at α = 18h11m29s, δ = −19◦25′54′′,
α = 18h33m34.2s, δ = −10◦34′18.5′′, and α = 18h46m25s, δ = −02◦58′30′′ for
G11.2−0.3, G21.5−0.9, and G29.7−0.3 respectively.

The background ISM level for G21.5−0.9 was estimated using an annulus
around the source as the local environment seems reasonably uncluttered. For
G11.2−0.3 and G29.7−0.3, eight apertures were placed around the SNRs so as to
avoid the shell and the bright cloud to the south of G11.2−0.3, and to avoid the
young stellar object to the west of G29.7−0.3. Areas were selected to cover a range
of flux levels to account for fluctuations in the ISM within the image cut-out. The
background-subtracted flux densities are given in Table 3.1. Due to large variations
in the ISM level, the background subtraction is the largest source of uncertainty in
our estimation of dust mass.

Flux calibration uncertainties are assumed as a percentage of the measured
flux in each band; that is 4% for MIPS (Engelbracht et al., 2007), 7% for PACS (Balog
et al., 2014), and 5.5% for SPIRE data (Bendo et al., 2013). Uncertainty in the ISM
level is estimated as the standard deviation of the background ISM values; both of
these uncertainties are added in quadrature.

3.1.2 ACCOUNTING FOR SYNCHROTRON EMISSION

A power-law synchrotron radiation spectrum, from charged particles accel-
erated in a magnetic field, can be detected across the electromagnetic spectrum.
The contribution varies across SNR type. PWNe and Crab-like remnants tend to
have a very flat radio spectrum and a steeper X-ray spectrum due to synchrotron
losses, whereas shell-type SNRs have a much steeper radio spectrum.

In order to estimate the dust mass, first non-thermal synchrotron emission
must be removed from the IR fluxes. The synchrotron flux density at a frequency,
ν, can be fitted by equation 3.1,
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Sν = Sν0

(
ν

ν0

)α

(3.1)

where Sν0 is the synchrotron flux density at frequency ν0, and α is the spec-
tral index which describes the flux density dependence on frequency. We use a
least squares fitting routine to estimate α. Like the Crab Nebula, the power law
slope may break in the FIR region (e.g. Arendt et al., 2011; Gomez et al., 2012b), in
which case we would be overestimating the synchrotron contribution to the MIR
and FIR fluxes.

The uncertainty in α is estimated using a Monte Carlo technique by produc-
ing 1000 sets of normally distributed radio flux values, using the measured flux
at each frequency as mean and flux uncertainty as standard distribution. Fitting a
power law to each set gives 1000 values of α and the standard deviation is used as
the uncertainty in the estimated value.

The integrated synchrotron flux values for the SNR PWN regions and spec-
tral index from the fit are given in Table 3.2. A least squares fit to G11.2−0.3 radio
data (Kothes & Reich, 2001) of the central compact object gives a spectral index of
α = −0.10± 0.08. A single power law cannot fit the spectra for G21.5−0.9 (Salter
et al., 1989b) as the slope breaks at 40 GHz due to synchrotron losses. Fitting to
radio data between 70 and 143 GHz (Salter et al., 1989b; Salter et al., 1989a; Plank
Collaboration XXIX, 2016), Spitzer MIPS (24 µm) and Herschel (500 µm) data, gives
a spectral index of α = −0.53± 0.01. Whereas at lower frequencies (Morsi & Re-
ich, 1987; Bietenholz & Bartel, 2008), the fitting routine gives a flat spectral index of
α = −0.032± 0.034. A least squares fit to radio data of the Crab-like component
of G29.7−0.3 (Salter et al., 1989b) gives a spectral index of α = −0.43. It has been
suggested that there may be a spectral break at around 55 GHz (Bock & Gaensler,
2005), in which case our synchrotron flux in FIR wavebands will be overestimated.

The synchrotron contribution to the SNR SEDs is only significant for G21.5−0.9,
for which it contributes between 9.5 and 96.7 per cent (160 and 500 µm respectively)
of the background subtracted flux at each wavelength. For G29.7−0.3, the contri-
bution at 500 µm is ∼ 59 per cent, however for the other wavebands it is less than
9 per cent, and for G11.2−0.3 the contribution in all wavebands is less than 3.5 per
cent.
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SNR Frequency (GHz) Flux (Jy) Ref Spectral Index a Wavelength (µm) Estimated Synchrotron Flux (Jy)b

G11.2−0.3 1.4 0.11± 0.02 1 −0.10± 0.08 24 (43± 40)× 10−3

32 0.08± 0.02 1 70 (46± 44)× 10−3

160 (48± 44)× 10−3

250 (50± 44)× 10−3

350 (51± 44)× 10−3

500 (52± 43)× 10−3

G21.5−0.9 327× 10−3 7.3± 0.7 2 −0.032± 0.038 24 0.23± 0.05
1.43 7.0± 0.4 2 70 0.40± 0.08

5 6.7± 0.3 3 160 0.63± 0.13
32 5.6± 0.3 4 −0.56± 0.02 250 0.80± 0.16
70 4.3± 0.6 5 350 0.95± 0.18

84.2 3.9± 0.7 6 500 1.16± 0.22
90.7 3.8± 0.4 7
100 2.7± 0.5 5

141.9 2.5± 1.2 7
143 3.0± 0.4 5

G29.7−0.3 1.4 0.35 6 -0.43 24 9.64× 10−3

4.9 0.25 6 70 15.2× 10−3

5.0 0.28 8 160 21.7× 10−3

15 0.17 6 250 26.3× 10−3

89 0.08 9 350 30.4× 10−3

500 35.4× 10−3

Table 3.2: a Estimated by fitting a power law to the radio fluxes on the same line and below. b Synchrotron flux estimated by
extrapolating the fitted power law to FIR wavelengths. Radio fluxes for the core are taken from: 1 Kothes & Reich (2001); 2

Bietenholz et al. (2011); 3 Bietenholz & Bartel (2008); 4 Morsi & Reich (1987); 5 Planck Collaboration XXXI et al. (2016); 6 Salter
et al. (1989b); 7 Salter et al. (1989a); 8 Becker & Helfand (1984); 9 Bock & Gaensler (2005).
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3.1.3 DUST EMISSION

After removing the synchrotron contribution from the SNR SEDs, we as-
sume that the remaining thermal MIR-FIR flux takes the form of a modified black-
body (see Chapter 1, Section 1.4). We fit the spectral energy distribution from
24 – 500 µm using Equations 1.18 and 1.20 with a least-squares fit, assuming that
the dust absorption coefficient κν follows a power law with emissivity index of
β = 1.9 (indicative of normal interstellar dust grains; Planck Collaboration XIV,
2014) where κλ0 = 0.07± 0.02 m2kg−1 for λ0 = 850 µm (Dunne et al., 2000; James
et al., 2002; Clark et al., 2016). We attempt both a single and double temperature
modified blackbody fit. In order to derive physical estimates, the temperature
and mass are constrained: a cold dust component must have a temperature of
15 < Tc < 50K, a warm component must have a temperature of 50 < Tw < 150K.
We assume distances of 4.4 kpc (Green, 2004), 4.7 kpc (Camilo et al., 2006), and
10.6 kpc (Su et al., 2009) for G11.2−0.3, G21.5−0.9, and G29.7−0.3 respectively. 1

The best fit SEDs for all three PWNe are shown in Figures 3.1 to 3.2.

The 1-σ uncertainties in the derived mass and temperature are estimated
in a similar way to the uncertainty in α in section 3.1.2. A modified blackbody is
fit to 1000 sets of flux values to give distributions of dust mass and temperature
estimates. The uncertainties in the fit parameters are taken as the 16th and 84th
percentiles. The largest source of uncertainty is the background subtraction; there
is a large variation in the ISM level across the regions surrounding the SNRs mak-
ing an estimate of the ISM contribution very uncertain. The best fit and median
values derived for dust temperature and mass are shown in Table 3.3.

G11.2−0.3: We find that the thermal FIR emission between 24 and 350 µm
for this SNR is best described by the sum of two modified blackbodies with best-fit
parameters for the cold temperature Tc = 27.3 K, and warm temperature Tw = 180 K.
The cold component requires a best-fit mass of Md = 0.9 M� and the warm compo-
nent requires a mass of Md = 7.9 ×10−6 M�, as seen in Figure 3.1.

There is large uncertainty in the mass and temperature of the warmer dust
component as this peak mostly depends on the 24 µm flux. This makes the position
of the SED peak extremely uncertain, giving a wide range of possible temperatures
and masses. The Monte Carlo method gives a skewed distribution of possible

1 There are various approaches that can be take to determine the distance of an SNR, which can
give varying results. Estimates of dust mass are in turn sensitive to the assumed distance, such
that increasing the assumed distance by a factor of two will provide a dust mass estimate which
is four times as large.

77



101 102 103 104 105

Wavelength ( m)

20

0

20

Re
sid

ua
l (

Jy
)

10 2

10 1

100

101

Fl
ux

 d
en

sit
y 

(Jy
)

best fit dust
synchrotron
synchrotron + dust

101 102 103 104 105 106

Wavelength ( m)
2

1

0

1

2

Re
sid

ua
l (

Jy
)

10 1

100

101

Fl
ux

 d
en

sit
y 

(Jy
)

best fit dust
synchrotron
synchrotron + dust

0.5 1.0 1.5 2.0
Dust Mass, M

0

5

10

15

20

Fr
eq

ue
nc

y,
 %

24 26 28 30
Dust Temperature, K

0.10 0.15 0.20
Dust Mass, M

0

5

10

15

20

Fr
eq

ue
nc

y,
 %

24 26 28
Dust Temperature, K

Figure 3.1: Top: FIR SED of Left: G11.2−0.3 and Right: G21.5−0.9. The dashed pink
lines are single temperature components fit to the FIR fluxes. The solid cyan line is
the synchrotron component fit to the radio flux of the compact object (cyan points).
The solid purple line is the total SED of all components. Bottom: The distribution of
source masses obtained by the Monte Carlo routine, fitting SEDs to 1000 normally
distributed samples of flux values for Left: G11.2−0.3 and Right: G21.5−0.9. The
dashed green lines indicate 1 σ uncertainties, the solid green line is the median
value, and the solid blue line is the best fit value. The best fit and median values
derived for dust temperature and mass are shown in Table 3.3.

values for the cold dust mass and temperature. There is a tail of high dust masses,
skewing the median to values > 1 M�.

G21.5−0.9: We find that the global thermal emission in this SNR is well
described by a single temperature dust component with a best-fit temperature of
T = 25.9 K and best-fit mass of Md = 0.12 M� as seen in Figure 3.1. The Monte Carlo
method gives roughly Gaussian-shaped distributions of dust masses and temper-
atures and the result from this analysis is in agreement with the best fit result.

G29.7−0.3: The thermal emission in this SNR can be fitted by a single tem-
perature dust component with a best-fit temperature of T = 45.7 K and dust mass
of Md = 0.03 M� as seen in the top panel of Figure 3.2. There is a large difference in
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Figure 3.2: Top: FIR SED of G29.7−0.3. Bottom: The distribution of source masses
obtained by the Monte Carlo routine, fitting SEDs to 1000 normally distributed
samples of flux values. The colour schemes are the same as for Figure 3.1. The
best fit and median values derived for dust temperature and mass are shown in
Table 3.3.

the ISM flux level between the north and south of this remnant making it difficult
to obtain an accurate value for the ISM level, as indicated by the large error bars
in the SNR fluxes. At wavelengths longer than 70 µm the error bars indicate that
a dust mass cannot be determined as the source flux is at a similar level to that of
the ISM. The median dust temperature from the Monte Carlo analysis is low com-
pared to that of the best fit, resulting in a larger estimate for the dust mass. This
discrepancy is caused by large uncertainty in the flux at long wavelengths, as indi-
cated by the error bars in Figure 3.2. A large fraction of the simulated fluxes at long
wavelengths are much greater than the measured value, forcing the SED to peak at
a longer wavelength. Therefore the Monte Carlo analysis is unable to give a con-
strained dust mass in these cases, although we clearly detect SN dust at a warmer
temperature than the local ISM. This will be revisited in Section 3.1.4 where the
dust temperature and mass will be analysed with a more rigorous routine.

79



Best Fita Monte Carlo Medianb PPMAPc

Distance Cold dust Warm dust Cold dust Warm dust Cold Dust
SNR (kpc) Td Md Td Md Td Md Td Md Md

G11.2−0.3 4.4 1 27.3 0.9 180 7.9 ×10−6 26.7 +1.7
−1.3 1.1 +0.4

−0.3 92.4 +87.6
−12.7 (2.2 +3.5

−2.1)× 10−4 0.34± 0.14
G21.5−0.9 4.7 2 25.9 0.12 − − 26.0± 0.7 0.12± 0.02 − − 0.29± 0.08
G29.7−0.3 10.6 3 45.7 0.03 − − 30.7 +11.7

−4.0 0.3 +0.4
−0.2 − − 0.51± 0.13

Table 3.3: Source distances are from: 1the near distance from HI absorption(Green, 2004); 2HI and CO observations (Camilo
et al., 2006); 3the kinematic distance of an associated molecular cloud (Su et al., 2009). Dust temperature (K) and mass (M�)
values are derived from: a a least squares SED fit to the data; b median results from a Monte Carlo routine as described in
Section 3.1; c the PPMAP analysis as described in Section 3.1.4, where we do not assume a single dust temperature.

.
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3.1.4 ANALYSING THE DUST PROPERTIES WITH POINT PROCESS MAP-

PING (PPMAP)

In Section 3.1 we estimated approximate dust masses and temperatures for
our three PWNe. However, this was assuming a uniform dust temperature and
fixed emissivity index of 1.9, and required us to convolve all of the images to a
common resolution set by the longest Herschel waveband. Next we employ PPMAP,
as described in Section 1.5.2, to analyse a wider range of dust properties, including
β, dust temperatures and mass at a high resolution. We apply PPMAP to study
G11.2−0.3, G21.5−0.9, and G29.7−0.3 using the 24 – 500 µm maps, and compare
with the surrounding ISM for which we use only the Herschel maps due to potential
issues with optical thickness, discussed in more detail later.

The PPMAP procedure is applied to estimate the column density over a grid
of 12 temperature bins, centred at temperatures equally spaced in log(TD), and
up to 7 values of β between 0 and 3 (Marsh et al., 2015). As the PWN dust has
best-fit modified blackbody temperatures of > 25 K, we initially use a tempera-
ture grid ranging from 25 to 75 K. If there is emission from components outside of
this temperature range, PPMAP will return higher column density at the bounding
temperatures. We therefore repeat the analysis extending our temperature range
(20 – 90 K) to search for cooler and warmer components. For this study a Gaussian
prior is assumed for distribution of material across β, with a mean of 1.9 (Planck
Collaboration XXXI et al., 2016) and standard deviation of 0.25.

We estimate the cool dust mass of each SNR by summing the column den-
sity within the apertures described in Section 3.1 across the entire temperature and
β grids. By averaging the temperature maps, PPMAP allows the amount of dust
column density for each β value to be determined. After summing the differential
column density over temperature, we obtain the density-weighted mean β along
each line of sight.

3.1.5 REVISED DUST MASSES FOR OUR THREE PWNE

The column density map of dust emission at each of the temperature grid
points from PPMAP are shown in Figures 3.3-3.5 for the three SNRs, G11.2−0.3,
G21.5−0.9, and G29.7−0.3. Prior to running the PPMAP analysis, an average ISM
level is subtracted from the SNRs. This is estimated from annuli around the SNRs,
as shown in Figure 3.6, which are sigma-clipped to remove especially bright ob-
jects. The dust mass within each PWN is estimated by aperture photometry on the

81



column density maps. This involves a second background subtraction, again using
an average level from the annuli in Figure 3.6, to ensure that there is minimal ISM
contributing to our estimate. Figure 3.7 shows the total SED for each remnant and
the contribution from each temperature component, as estimated by PPMAP.

G11.2−0.3: In Figure 3.3 we can see that the SNR is indistinguishable from
the surrounding ISM at 25 K highlighting the difficulty in removing ISM emission
where the temperatures are similar to dust in the ISM. Dust in the central region is
brightest between 34 and 41 K and is not detected above 46 K.

By contrast, there is evidence of two temperature components in the shell
as we find that there is dust at 28 – 41 K and at 75 K. The tightly bound inner shell
could indicate that the warmer shell dust may be reverse-shock heated, as seen
in Cassiopeia A (Rho et al., 2008). However, it is thought that the reverse shock
has already reached the centre of this remnant and expansion into an anisotropic
CSM has caused the sharpness of the shell’s inner edge (Borkowski et al., 2016)
so it is unclear what is heating the shell dust. The dust structures are clearly seen
when combining three of the temperature maps from Figure 3.3 (31, 41, and 75 K)
to produce a ‘super-resolved’ colour image in Figure 3.6 (top panel). The dust
emission from the PWN towards the centre is very clear in this image compared to
the three-colour image derived using the native Herschel maps (Figure 2.6) as the
PPMAP results match the best available Herschel angular resolution i.e. 6.4′′ from
the 70µm images (Traficante et al., 2011).

The PPMAP generated SED for G11.2−0.3 in Figure 3.7 shows how some
of the temperature components revealed using PPMAP contribute to the total SED
(here we show the full range investigated using PPMAP i.e. 20-90 K). We can see
that the 20-23 K component contributes a significant amount of the total FIR flux
measured in the apertures even after background subtracting the ISM. Since we
have previously discussed that the PPMAP dust structures seen at temperatures of
20-25 K for this source are likely unrelated to the supernova, we therefore subtract
these colder dust components from the final PPMAP derived dust mass. The dust
mass is therefore derived by summing the column densities at the range of tem-
peratures where SNR-related emission is seen, providing an estimated dust mass
for the central ejecta region of G11.2−0.3 of Md = 0.34± 0.14 M� (Table 3.3).2

This dust mass estimate is considerably smaller than the the traditional

2 If we were to include the PPMAP dust components at temperatures below 25 K, the dust mass for
G11.2−0.3 would be Md = 0.50± 0.22 M�.
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Figure 3.3: PPMAP generated maps of differential dust column density split in
different temperature ranges for G11.2−0.3. The corresponding dust tempera-
ture is indicated in the top-right of each panel. At temperatures less than 25 K
in G11.2−0.3, the column density map begins to be dominated by unrelated in-
terstellar dust along the line of sight and thus temperatures below 25 K for these
sources are not used in the analysis.
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Figure 3.4: PPMAP generated maps of differential dust column density split in dif-
ferent temperature ranges for G21.5−0.9. The corresponding dust temperature is
indicated in the top-right of each panel.
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Figure 3.5: PPMAP generated maps of differential dust column density split in dif-
ferent temperature ranges for G29.7−0.3. The corresponding dust temperature is
indicated in the top-right of each panel. At temperatures less than 25 K in G29.7-
0.3, the column density map begins to be dominated by unrelated interstellar dust
along the line of sight and thus temperatures below 25 K for these sources are not
used in the analysis.
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Figure 3.6: PPMAP-generated three colour maps of differential dust column density cre-
ated using dust temperature slices from Figures 3.3-3.5. Colours show dust in G11.2−0.3
(top-left): 31 K (red), 41 K (green), and 75 K (blue). In G21.5−0.9 (top-right): 20 K (red), 34.6 K
(green), and 39.6 K (blue). In G29.7−0.3 (bottom): 28 K (red), 31 K (green), and 75 K (blue).
The white crosses indicates the X-ray centres, magenta circles show the apertures used for
PWN dust, the cyan and white circles indicate the shell and/or ISM emission respectively.

modified blackbody fits in Section 3.1. This is a combination of differences be-
tween the two methods in the background subtraction, and therefore the final FIR
fluxes attributed to the SNR (this discrepancy is larger between 160 and 350 µm),
and the fact that by inspecting the temperature components visually with PPMAP,
we were able to conclude that dust at temperatures below 25 K were likely not
SN-related, hence resulting in an additional subtraction from the final PPMAP dust
mass. Indeed Section 3.1, suggests that the cool dust in G11.2 is at 26.7 K whereas
PPMAP finds that part of this dust is at warmer temperatures, thus giving a smaller
estimate for the total dust mass.

G21.5−0.9: As shown in Figure 3.4, for this source we need to extend the
temperature grid down to 20 K to show all the dust features, as there is a clear
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Figure 3.7: FIR SED as measured with PPMAP, analysing dust at temperatures between
20 and 90 K, for the PWN in G11.2−0.3 (top-left), G21.5−0.9 (top-right), and G29.7−0.3 (bot-
tom). The open markers indicate the thermal flux estimated by aperture photometry in
Section 3.1 and the filled markers indicate the estimated PPMAP flux in Section 3.1.4, where
the difference is due to a variation in the estimate of the ISM level. Both sets of fluxes are
background and synchrotron subtracted. There is a considerable contribution to the SEDs
of both G11.2−0.3 and G29.7−0.3 from a cold dust (20 – 23 K) component. By visually in-
specting the columns density maps for these sources we find that dust at temperatures
below 25 K are not related to the SNR. These cool dust components are therefore excluded
when estimating the dust masses to avoid contamination from the ISM.

detection of PWN dust at temperatures of 20 – 25 K. The cold dust component is
visible in the grid at temperatures from 20 – 27 K across the entire PWN region.
Warmer dust between 30 and 37 K forms a shell-like structure close around the
south-west of the central region in which the pulsar is located. The distribution of
dust in this source is similar to seen in G54.1−0.3, a bright peak of dust is evident
to the north-west of the PWN shell which is significant and is robust to changes in
mapping parameters. The PPMAP three-temperature map for G21.5−0.9 is shown
in Figure 3.6 (middle panel) where these features are clearly visible (with the cold-
est dust emission highlighted in red).

Using PPMAP, we retrieve a dust mass for G21.5−0.9 of Md = 0.29± 0.08 M�
(including all the emission from 20-90 K). This is ∼ 2.5 times larger than both the
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best-fit and median dust masses quoted in Section 3.1. Figure 3.7 indicates that
the fluxes used for the PPMAP analysis are greater than those used in Section 3.1.
This is due to a combination of differences in the level of the background emission
derived between PPMAP and Section 3.1 (this leads to a factor of 1.5 – 2 difference
in the FIR fluxes attributed to the SNR) and PPMAP allowing for a wider range of
temperatures in each pixel instead of putting all of the dust at a single temperature
in the modified blackbody fits.

Thus G21.5−0.9 joins Cas A and G54.1 in the small list of Galactic SNRs for
which dust at temperatures < 25 K has been detected. PPMAP, with its better reso-
lution and ability to map dust at different temperatures, has revealed significantly
more dust in this source than from traditional modified blackbody fits.

G29.7−0.3: In Figure 3.5, the PWN structure clearly contains dust at 28 –
31 K, although the surrounding medium is also at a similar temperature making
the detection more confused than the other sources. There is warm (75 K) dust in
the shell around the south-east of the SNR at the location of 24 and 70 µm emission
observed in Figure 2.15. This emission likely arises from shocked dust. Similar
to G11.2−0.3, there is some evidence for warm dust in filaments within the shell,
however this is much fainter and more confused in this case.

Similarly to G11.2−0.3, when inspecting the temperature grid of G29.7−0.3
between 20 and 90 K we do not see evidence for any material related to the SNR
structure at temperatures below 25 K. The PPMAP-derived SED shown in Figure 3.7
shows that dust below these temperatures contributes significantly to the total FIR
emission of this source, yet we have no evidence that this is associated with the
SNR. Therefore we only use the temperature components revealed by PPMAP at
25 K and above when determining the dust mass for this source. For the central
ejecta region in G29.7−0.3, PPMAP therefore estimates a dust mass of Md = 0.51± 0.13 M�3.
In this case we expect that the estimate suffers from contamination by unrelated
ISM and is artificially large. Again this is significantly larger than the best-fit val-
ues derived in Section 3.1, although within the uncertainties it is consistent with
the median from the Monte Carlo fits. This is not surprising since the single tem-
perature best-fit SEDs can be biased towards allocating a warmer dust tempera-
ture (∼46 K), whereas the Monte Carlo estimate allows for random selection of
lower temperature components (∼30 K) and therefore higher dust masses than the
best-fit SED. The temperature grid from PPMAP in Figure 3.3 shows emission from

3 If we were to include the PPMAP dust components at temperatures below 25 K, the dust mass for
G29.7−0.3 would be Md = 0.64± 0.18 M�.

88



0.0 0.5 1.0 1.5 2.0 2.5 3.0
Emissivity index, β

0.2

0.4

0.6

0.8

1.0

1.2

1.4

N
or

m
al

is
ed

co
lu

m
n

de
ns

it
y

ISM

pulsar wind nebula

Figure 3.8: Estimated column density within each region at a given β for
G21.5−0.9, measured from temperature averaged PPMAP images. The column
density in each region is normalised by dividing by the peak column density of
that region for easier comparison of the two curves. This is the resulting dust col-
umn density β profile assuming a flat β prior. (Figure 3.9 shows the same profile
from PPMAP assuming a Gaussian prior instead). The broad PWN profile reflects
our inability to discriminate different values of β with low S/N.

SN-related dust at lower temperatures than the best fit and therefore is more in
agreement with the Monte Carlo estimate from Section 3.1.

3.2 IS THE DUST EMISSIVITY INDEX DIFFERENT IN SNE

EJECTA?

PPMAP also allows us to evaluate β of the SNR and ISM dust as shown in
Figure 3.8. We estimated the density-weighted mean value of β within an aperture
around the PWN and within annuli encapsulating the surrounding medium and,
for G11.2−0.3, the SNR shell (Figure 3.6). We can therefore compare the emissivity
index of material within the SNR components to that of the surrounding ISM using
a β profile (Figure 3.8). As the SNR β parameter is sensitive to the estimate of the
ISM level, a lack of careful analysis can result in spurious variations in β. We there-
fore subtract the ISM from the source flux prior to analysis of the column density
using the annuli shown in Figure 3.6; this process is only applied to the SNRs, not
to the ISM. This provides more robust results than subtracting the background of
the resulting column density maps.
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Additionally, the PPMAP analysis assumes that all media are optically thin,
however, we find that the optical depth of the surrounding ISM in the 24 µm image
is not negligible. We therefore disregard this band when evaluating β for the dust
emission originating in the ISM, although this does not have a significant impact
on any results for the cool dust components. The SNR material is likely optically
thin and therefore the PPMAP analysis can be applied to this region using the 24 µm
image.

We compare the dust column density in the PWN and surrounding (unre-
lated) interstellar dust found in each β ‘bin’ using the standard PPMAP assumption
of a Gaussian prior with peak 1.9 and σ = 0.25. However we find inconclusive re-
sults for β variations between the PWN and ISM in all three of our sources. These
profiles are shown in Figure 3.9 for completeness. Although the dust column den-
sity profiles with β appear to have a ‘peak’ column density for β of 1.8 – 2.0, we
believe this is simply returning the prior distribution of β for the dust in the shell,
ISM emission and the PWN. To confirm this we vary the prior to a lower mean, in
which case PPMAP returns a correspondingly lower peak value of β. Thus, there is
a systematic difference in the β of the ISM, shell, and PWN. However, the “peak”
value of β returned depends on the prior.

Next we test how robust the PPMAP β analysis is given changes to the prior
assumptions. Assuming a flat β prior instead of the Gaussian assumed earlier,
we see no differences in the results for G11.2−0.3 and G29.7−0.3, but the column
density-β profile for G21.5−0.9 does change (Figure 3.8). The dust column density
in the ISM now appears to peak at βISM ∼ 2.5 whereas the PWN peaks at lower val-
ues of βPWN = 1.4± 0.3, though the error bars are large. The wide dispersion in β

of the PWN is a result of the large uncertainties, reflecting our inability to discrim-
inate different values of β at the low signal-to-noise ratio. As we do not apply a β

prior in this case we are more susceptible to β-temperature anti-correlation, which
is included in this uncertainty. Although there is a range of possible solutions, as
indicated by the large uncertainty, there is some indication of a variation.

The density-weighted mean value of β along the line of sight for the ISM
aperture is βISM = 1.8± 0.1 (this takes into account which values of β represents
more of the mass), whereas for the PWN, this value is still consistent with the peak
profile of β = 1.4.

Finally we re-ran PPMAP using a Gaussian prior with mean of 1.4 (instead
of 1.9). Again we found no differences in the results for SNRs G11.2−0.3 and
G29.7−0.3. However, for G21.5−0.9, the new β profile is very similar to Figure 3.8,
but with a reduced χ-squared by ∼10 per cent, supporting the (marginal) result
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Figure 3.9: Estimated column density with β using a Gaussian β prior with mean
1.9 and σ = 0.25. Top-left: G11.2−0.3: for the PWN, the shell and the ISM dust.
Top-right: G21.5−0.9: PWN and ISM and Bottom: G29.7−0.3. The column density
in each region is normalised by dividing by the peak column density for compari-
son purposes. As we have low signal to noise for these SNRs, we cannot constrain
β. PPMAP is effectively returning the Gaussian posterior for these three PWNe.

that the dust emissivity index in this PWN is smaller than the canonical ISM value.

3.3 TESTING THE RELIABILITY OF OUR PPMAP RESULTS

In order to check whether the results from PPMAP have been affected due to
any assumptions, we test for potential biases due to overestimating the flux from
hot dust, our chosen grids of dust temperatures and on the prior assumptions for
β.

• The warmer dust components detected in the shells of G11.2−0.3 and G29.7−0.3
may artificially arise from contributions due to line emission at 24 µm. We
therefore tested the PPMAP process for our SNRs after subtracting 30 per cent
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of the flux in the 24 µm band. This level was chosen as it is similar to the frac-
tion of the Crab Nebula 24 µm flux expected to originate from line emission
(Temim et al., 2012). We find this does not affect any of the dust mass or β

results.

• We next check if PPMAP is, in fact, able to extract values of β or is simply
returning its prior value. We test this by simulating several 26 K Gaussian
sources with a 1′ FWHM, varying β between 1.5 and 2.4 (simulations were
carried out by K. Marsh, priv. communications). The images are convolved
to the Herschel beam sizes and we add Gaussian noise for a signal-to-noise
ratio between 3 and 10,000, which is constant across the spectrum. Assuming
a flat β prior between 0 and 3, we then use PPMAP to estimate β for each
simulated source in order to verify if PPMAP can return the correct value from
the simulations. We find that the ability of PPMAP to pull out precise values of
β is critically dependent on the signal-to-noise of the FIR data. At high signal-
to-noises (∼100) we find that the returned β matches the original value with
an error less than 0.15. Figure 3.10 shows how the uncertainty in the PPMAP

estimated values of β varies with the signal-to-noise of the input simulations.

The lowest signal-to-noise ratio in this test (∼ 3) is typical of our most
resolved PWN source, G21.5−0.9. The other two SNRs have larger FIR uncer-
tainties (due to the high background levels) and therefore this confirms that
we would not be able to derive the value of β in G11.2−0.3 and G29.7−0.3
with any precision. For G21.5−0.9, this suite of simulations therefore sug-
gests our uncertainty in the β value derived in Section 3.2 is slightly larger,
i.e. βPWN = 1.4± 0.5.

In our images the signal-to-noise ratio is not constant across the spectrum as
we have much more confusion at longer wavelengths. In order to constrain β, our
tests show that higher signal-to-noise at the Rayleigh-Jeans end of the spectrum is
required. This is difficult given the current large uncertainties and variation in the
ISM flux for most Galactic SNRs observed with Herschel. With higher resolution or
longer wavelength data we could constrain β to within a smaller uncertainty range
and potentially draw out any differences in the dust properties between different
SNR regions. It may be easier to constrain β for SNRs in the regions of the Galactic
plane at | l |> 60◦ which, on average, suffer from lower levels of background
interstellar dust emission.
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Figure 3.10: The root mean square uncertainty of the β value derived by PPMAP
based on simulations for a 26 K source with Gaussian noise applied.

3.4 CONCLUSIONS

The main conclusions of this Chapter are:

• A modified blackbody SED fit to the NIR-radio data of the three PWNe,
G11.2−0.3, G21.5−0.9, and G29.7−0.3, gives cold dust temperatures of 27.3 K,
25.9 K, and 45.7 K and dust masses of 0.9 M�, 0.12 M�, and 0.03 M� respec-
tively.

• A Monte Carlo analysis for G11.2−0.3, G21.5−0.9, and G29.7−0.3 gives me-
dian dust temperatures of 26.7 + 1.7

− 1.3 K, 26.0± 0.7 K, and 30.7 + 11.7
− 4.0 K, and dust

masses of 1.1 + 0.4
− 0.3 M�, 0.12± 0.02 M�, and 0.3 + 0.4

− 0.2 M�. Large uncertainties
in our fluxes at the longest FIR wavelengths for G29.7−0.3 pull the median
estimate to a lower dust temperature and larger dust mass than that of the
best fit.

• We use PPMAP to more rigorously analyse the material within the three SNRs.
This confirms the presence of cold dust (20 – 40 K) within the PWN regions,
which is clearly distinguishable from the surrounding ISM, and warm dust
in the shells of G11.2−0.3 and G29.7−0.3. Through this analysis we estimate
significant cold dust masses within the PWNe of 0.34± 0.14 M�, 0.29± 0.08 M�,
0.51± 0.13 M�, for G11.2−0.3, G21.5−0.9, and G29.7−0.3 respectively. For
both G11.2−0.3 and G29.7−0.3 these estimates are much more constrained
than those of the traditional SED-fitting routine. PPMAP allows for a range of
dust temperatures across the SNRs making these results more reliable.
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• Using PPMAP we analyse the variation in the dust emissivity index, β, across
the SNRs and compare with the values derived for the SN shell and ISM
regions. We are unable to constrain β within G11.2−0.3 and G29.7−0.3 due
to the low signal-to-noise at long wavelengths. For G21.5−0.9, we estimate
βPWN = 1.4± 0.5 in the PWN (with uncertainty in β derived from simulated
data sets), and find βISM = 1.8± 0.1 in the ISM dust based on using a flat β

prior. We show that with higher signal-to-noise in the FIR (or indeed longer
wavelength data), our simulations suggest that in future, we could further
constrain β within the PWNe and potentially draw out any differences in the
dust properties with respect to dust in the interstellar medium. This may be
easier for Galactic plane SNRs at | l |> 60◦ where there are lower levels of
background interstellar dust emission on average.
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CHAPTER 4
THE FULL GALACTIC PLANE CATALOGUE

WITH Herschel

‘Twinkle twinkle little star, how I wonder what
you are!’

JANE TAYLOR

In Chapters 2 and 3 we investigated whether or not supernovae are an im-
portant contributor to the dust budget of galaxies at all cosmic epochs by searching
for infrared (IR) and submillimetre (submm) emission from ejecta dust in nearby
supernovae (SNe) and supernova remnants (Chawner et al., 2019) over a small
area of the Milk Way. This survey (our first look catalogue) covered the same area
as previously studied in the near and mid-infrared with Spitzer by Reach et al.
(2006) and later by Pinheiro Goncalves et al. (2011). Those works reported the de-
tection of dust emission associated with SNR structures in 29, 18 and 39 SNRs
respectively over a region of the Galactic Plane covering ∼100 square degrees,
suggesting SN-related dust emission is rather common. Chapter 3 also demon-
strated clear evidence for dust formation in the ejecta of the pulsar wind nebulae
(PWNe) G11.2−0.3, G21.5−0.9 and G29.7−0.3 alongside the previously discov-
ered G54.1+0.3 (Temim et al., 2017; Rho et al., 2018), suggesting a detection rate of
∼45 % for this class of remnant within the area studied. Such a high detection rate
implies that many PWNe may contain dust, some of which can be freshly formed
ejecta dust (see also Omand et al., 2019). In order to verify the importance (or not)
of SNe as dominant dust producers in galaxies and to determine which SNe form
dust in their ejecta material, a larger statistical sample is needed. In this Chapter,
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we complement the earlier work by searching for far-infrared (FIR) counterparts
of known supernova remnants (SNRs) in the entire Galactic plane, as surveyed by
Herschel covering 360◦ in longitude and 2◦ in latitude) at 70 – 500 µm. The work in
this Chapter has been published in Chawner et al. (2020).

4.1 A COMPLETE GALACTIC SURVEY FOR FAR INFRARED

SUPERNOVA REMNANT EMISSION

As first discussed in Chapter 2, using Herschel in the FIR to search for dust
signatures is not always superior to using MIR observations from, for example,
Spitzer (particularly at 24 µm where searching for dust signatures can be easier
since the hotter dust emission can be more clearly disentangled from interstellar
material). However, the increased sensitivity and resolution with Herschel at wave-
lengths ≥ 70 µm compared to lower resolution FIR observatories can be important
for disentangling interstellar and SN-related structures in confused regions com-
pared to e.g. Spitzer at the same wavelengths, IRAS, and AKARI (Murakami et al.,
2007). The longer Herschel wavebands have the added advantage of being able
to reveal the presence of any existing colder dust potentially missed by shorter
wavelength observations (e.g. Barlow et al., 2010; Matsuura et al., 2011; Gomez
et al., 2012b; Temim et al., 2017; Rho et al., 2018, see also Chapter 3).

Unfortunately, confusion with the ISM is the major limitation when study-
ing dust in SNRs (e.g. in Cas A). Indeed in the Herschel Galactic SNRs studied in
Chapter 2 (Chawner et al., 2019), confusion meant that SN dust structures could
not be separated from unrelated ISM in more than 60 % of the sample, and even for
those sources with clear FIR dust signatures coincident with known X-ray and ra-
dio emission originating from the SNRs, confusion still persists in a large fraction
(also noted by Pinheiro Goncalves et al. 2011).

It has been proposed that SNe and SNRs have two key roles in dust evolu-
tion, first as a source of dust, forming large amounts in their ejecta which is injected
into the ISM, and second by destroying dust as SN shock waves propagate into the
ISM. A larger statistical sample is needed to determine the roles that SNe play in
dust evolution in galaxies. Here we widen our search for SNRs to an area twice as
large as that surveyed in Chapter 2.
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Table 4.1: Level 1 dust detected supernova remnants in the Complete Hi-GAL Survey.

SNR Name PWN a

(FIR)
Age
(kyr) SN Type Dust features b Comparison c References

G6.4−0.1 W28 10 Filaments R 1; 2
G8.3−0.0 Shell R
G11.1−1.0 Shell OR
G11.1+0.1 Western shell R
G11.2−0.3 Y (Y) 1.4 − 2.4 Type cIIb or Ibc Shell RX 3

Central region (PWN)
G13.5+0.2 Filaments R 4
G14.1−0.1
G14.3+0.1 Partial shell R
G15.9+0.2 6 2.4 Core collapse Partial shell RX 5; 6
G16.4−0.5 Central region R
G18.6−0.2 ? (N) 13 Core collapse Outer filaments R 7
G20.4+0.1 3.6 Shell R
G21.5−0.9 Y (Y) 0.87 Type IIP or Ib/Ic Central region (PWN) X 8; 9
G21.5−0.1 Central region R
G29.7−0.3 Kes 75 Y (Y) < 0.84 Type Ib/c Central region (PWN) RX 10; 11
G31.9+0.0 3C391 4 Partial shell 12
G33.2−0.6 Western shell R 4
G34.7−0.4 W44 Y (N) 2 Core collapse North and western shell R 13; 14

Central filaments
G39.2−0.3 3C396 Y (N) 7 Western shell R 15; 16
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Table 4.1: Level 1 dust detected supernova remnants in the Complete Hi-GAL Survey.

SNR Name PWN a

(FIR)
Age
(kyr) SN Type Dust features b Comparison c References

G43.3−0.2 W49B 1 − 4 Bipolar Ib/Ic Fe/radio loop R 17;18;19;20
H2 filament

G54.1+0.3 Y (Y) 2 Core collapse PWN southern rim 21
G54.4−0.3 (HC40) 95 Outer filaments 22
G65.8−0.5 Eastern structure OR 23
G67.8+0.5 OR
G298.6−0.0 Outer filaments XR 24
G304.6+0.1 Kes 17 28 − 64 Core collapse Western shell R 25
G306.3−0.9 2.3 Type Ia Inner region XR 26;27
G310.8−0.4 Kes 20A R 28
G311.5−0.3 25 − 42 Shell 29
G332.4−0.4 RCW 103 2 Type IIP Southern arc X 30; 31
G340.6+0.3 2.6 Shell R 32
G344.7−0.1 3 Type Ia North-central region XR 33; 34
G348.5−0.0 Arc R 35
G348.5+0.1 CTB37A ? (N) 32 − 42 Northern arc R 1; 35; 36

Breakout region
G348.7+0.3 CTB 37B 5 Core collapse North-eastern shell R 37
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Table 4.1: Level 1 dust detected supernova remnants in the Complete Hi-GAL Survey.

SNR Name PWN a

(FIR)
Age
(kyr) SN Type Dust features b Comparison c References

G349.7+0.2 1.8 Core collapse Eastern shell R 1; 38; 39
G350.1−0.3 0.6 − 1.2 Core collapse Ejecta region R 39; 40; 41
G351.2+0.1 Northern bar R 42

Central region
G357.7−0.1 MSH 17-39 Head and tail regions R 1

The Tornado
A summary of the supernova remnants in the Hi-GAL Survey with detection level = 1: FIR emission which is clearly correlated
with radio, MIR, or X-ray structure and can be distinguished from the ISM. a ‘Y’ indicates that a source contains an associated
PWN, ‘?’ indicates an unconfirmed PWN candidate. The FIR detection of the PWN is indicated in the brackets. b Location
of FIR detected dust features. c Waveband of previous detection to which FIR structure is compared: O = optical, R = radio,
X = X-ray. References for age and SN type for this table are: 1Pihlström et al., 2014, 2Rho & Borkowski, 2002, 3Borkowski
et al., 2016, 4Case & Bhattacharya, 1998, 5Reynolds, 2006, 6Klochkov et al., 2016, 7Voisin et al., 2016, 8Bietenholz & Bartel, 2008,
9Bocchino et al., 2005, 10Leahy et al., 2008, 11Morton et al., 2007, 12Chen et al., 2004, 13Wolszczan et al., 1991, 14Zhu et al., 2013,
15Harrus & Slane, 1999, 16Leahy & Ranasinghe, 2016, 17Pye et al., 1984, 18Smith et al., 1985, 19Hwang et al., 2000, 20Lopez et al.,
2013, 21Bocchino et al., 2010, 22Park et al., 2013, 23Shan et al., 2018, 24Bamba et al., 2016, 25Combi et al., 2010b, 26Reynolds et al.,
2013, 27Combi et al., 2016, 28Andersen et al., 2011, 29Pannuti et al., 2014b, 30Nugent et al., 1984, 31Frank et al., 2015, 32Caswell
et al., 1983a, 33Giacani et al., 2011, 34Yamaguchi et al., 2012, 35Pannuti et al., 2014b, 36Tian & Leahy, 2012, 37HESS Collaboration,
2008a, 38Tian & Leahy, 2014, 39Yasumi et al., 2014, 40Gaensler et al., 2008, 41Lovchinsky et al., 2011, 42Dubner et al., 1993.
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4.1.1 DETECTION LEVELS IN THE FAR-INFRARED

We study the remaining SNRs in the Galactic Plane (Green, 2004) using Hi-
Gal (Molinari et al., 2010b, 2016) covering 360◦ in longitude and | b |≤ 1. There are
a total of 200 SNRs in this area, although Herschel images for 10 are unavailable.
This work therefore includes an additional 119 sources compared to our first look
catalogue, and an additional 92 and 66 sources compared to the previous dusty
catalogues of Galactic SNRs studied using Spitzer in Reach et al. (2006, MIR, λ ≤
24 µm) and Pinheiro Goncalves et al. (2011, λ ≤ 70 µm) respectively (an additional
163 and 137 SNRs when this work is combined with the first look catalogue in
Chapter 2).

In brief, each remnant was first inspected as a false colour image combining
the 70, 160, and 250 µm Herschel wavebands, regridded and convolved to the res-
olution of the 250 µm band (see Appendix B for a gallery of three colour Herschel
images of SNRs, Figure B.1). FIR emission from SNRs can be thermal or non-
thermal. Thermal FIR will arise from warm dust such as warm ejecta material,
shock-heated dust in the forward or reverse blast waves, photo-ionised material
near a PWN, or swept-up ISM. Non-thermal emission originates from synchrotron
emission from shocks or PWNe, although this is not expected to be significant ex-
cept in the case of plerion objects such as the Crab where synchrotron emission
contributes between 19 and 88 % of the flux in the various Herschel wavebands
(De Looze et al., 2019). We compare with multi-waveband images to identify dust
emission associated with each SNR which, in principle, should allow us to iden-
tify the emission mechanism. For the most part we compare with radio and, where
available, X-ray images, both of which trace shock-heated material, see individual
notes in Section 4.1.2 for details. Where radio and X-ray structures originate from
a PWN, incident FIR emission may indicate dust in a photo-ionised region. We can
also use X-ray and optical images to identify ejecta material or swept-up/shocked
ISM and in some cases, any correlation observed between FIR and MIR or NIR
emission can help to identify a variety of FIR sources such as shock-heated dust or
swept up ISM.

The method for determining if dust signatures related to SNe material are
present in the Herschel images is described in full in Chapter 2 (Chawner et al.
2019) and is the same classification criteria as used in the Spitzer SNR catalogues
of Reach et al. (2006) and Pinheiro Goncalves et al. (2011). Following the definition
of detection levels from the MIR Spitzer SNR catalogue in Reach et al. (2006), we
define detections as: 1 = detection (FIR emission which is clearly correlated with
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radio, MIR, or X-ray structure and can be distinguished from the ISM), 2 = possi-
ble detection (FIR emission in the region of the SNR, potentially related to radio,
MIR, or X-ray structure but confused with ISM), 3 = unlikely detection (detection
of FIR emission which is probably unrelated to the SNR), and 4 = no detection of
FIR emission. We also introduce a new category in this chapter ‘i’, to account for
the fact that in some cases, the only dust signatures associated with the SNR (via
radio and/or X-ray emission) are found in regions where the shell is known to be
interacting with a molecular cloud. Table B.1 (Appendix B) lists the full 119 Galac-
tic SNRs from Hi-GAL studied in this survey along with the 71 sources studied in
the first look catalogue, with all of the SNRs classified as level 1 summarised in
Table 4.1. Individual details provided for each SNR assigned a detection rate of 1
or 2 in this work (10 level 1 and 11 level 2) are listed in the following Section. We
note that the availability and quality of ancillary data and the depth of those ob-
servations is not the same for all SNRs, which makes it impossible to automate the
classification of the detection levels, and thus requires manual intervention and in-
terpretation. This could introduce a bias towards bright, well studied sources that
we classify as detections here, similarly this could also be a factor in the previously
quoted rates for SNRs detected in near-MIR catalogues with Spitzer (Reach et al.,
2006; Pinheiro Goncalves et al., 2011).

The full list of 119 sources from this Chapter are provided in Appendix B
(Table B.1) along with the 71 sources studied in Chapter 2 (Table 2.1). Details pro-
vided for each SNR assigned a detection rate of 1 or some of the detection 2 cases
are listed in the following Section. Images of SNRs that are not shown in the fol-
lowing Section are provided in the full catalogue in Appendix B, Figure B.1.

4.1.2 NOTES FOR INDIVIDUAL REMNANTS

Notes on individual sources classed as detection level 1 (FIR emission which
is clearly correlated with radio, MIR, or X-ray SNR structure and can be distin-
guished from the ISM) and detection level 2 (FIR emission in the region of the SNR,
potentially related to radio, MIR, or X-ray structure but confused with ISM) are
provided in this section.

G0.0+0.0 (Sgr A East): This CCSN remnant (Figure 4.1) has an elliptical ra-
dio shell with a plume of radio and X-ray emission at the northern edge. There
is an associated runaway neutron star, the Cannonball, and a PWN in front of this
plume (e.g. Nynka et al., 2013; Zhao et al., 2013). There are numerous unrelated HII

regions in this complex; the largest, Sgr A West, is observed within the SNR shell
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Figure 4.1: G0.0+0.0, Sgr A East - left: Herschel three colour image with JVLA
5.5 GHz contours overlaid in white and SOFIA 37.1 µm contours overlaid in cyan,
colours are red = 250 µm, green = 160 µm, and blue = 70 µm. Right: A zoom in
on the dust factory detected within the magenta circle (left) by Lau et al. (2015).
Top: the SOFIA 37.1 µm detection from their work, and bottom: the Herschel 70 µm
image with SOFIA 37.1 µm contours overlaid. Here the Herschel and SOFIA data
have been scaled considerably to show this faint feature. (For the bottom panels
we use the cube helix colour scheme (Green, 2011).) The gold circles to the east
indicate the locations of HII regions (Goss et al., 1985) and the gold circle to the
west indicates the location of Sgr A West. The diamond to the north indicates the
location of the associated neutron star, ‘The Cannonball’, and the diamond to the
west indicates the location of Sgr A*. The white cross shows the radio coordinates
of the SNR centre from Green (2014). The same Herschel colour combinations and
orientation are used in Figures 4.2 – 4.18.
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on the western side and has a spiral structure. Four smaller regions are found to
the east, just outside of the SNR radio shell. Observations of 327 MHz absorption
place Sgr A West in front of the SNR (Yusef-Zadeh & Morris, 1987), although their
relative distances are uncertain. There is some evidence that the two sources are
at a similar distance and there has been some interaction between the expanding
shell and Sgr A West (Yusef-Zadeh & Goss, 1999; Yusef-Zadeh et al., 2000; Maeda
et al., 2002), although this is controversial.

The SNR age and X-ray observations of hot ejecta at its centre both suggest
that the reverse shock has already reached the centre of this source (Maeda et al.,
2002). Lau et al. (2015) completed a detailed analysis of the central region using
data in the range 5.8–70 µm from Spitzer IRAC, the Faint Object Infrared Camera
for the SOFIA Telescope (FORCAST), and Herschel PACS (70 µm). These observa-
tions indicate the presence of dust within the SNR central region, north-east of Sgr
A West (indicated by the magenta circle in the top panel of Figure 4.1). They stud-
ied the 5.8–37.1 µm emission from several regions in and around the location of the
SNR dust, using the 70 µm flux as an upper limit. They assumed it is composed of
amorphous carbon grains with two grain sizes (large grains of ∼ 0.04 µm and very
small grains of ∼ 0.001 µm) and that is is heated by a nearby cluster of massive
young stars. This gave a total ejecta mass of ∼ 0.02 M� of warm (∼ 100 K) dust
which has survived the passage of the reverse shock.

We compare Herschel maps with the JVLA 5.5 GHz image (Zhao et al., 2013).
We reduced the VLA data, using the Common Astronomy Software Applications
(CASA) of the National Radio Astronomy Observatory (NRAO). The C-band (4.5–
6.4 GHz) continuum image of Sgr A* was produced by combining multiple VLA
observations taken between March and July 2012. The data were processed in the
AIPS software package (Greisen, 2003), following standard calibration and wide-
band imaging procedures.

Using the five bands of Herschel data from Hi-GAL we search for dust fea-
tures associated with the SNR and with the Lau et al. (2015) dust discovery (see
the bottom panel of Figure 4.1). We find that the entire region inside the SNR shell
is extremely confused in the Herschel bands (as originally noted by Lau et al. 2015).
The flux at 70 µm due to background emission (determined by placing multiple
apertures across the map outside of the bright dust features) is of order 1000 Jy.
Integrating the emission within the Lau et al. (2015) dust region (cyan contours
in Figure 4.1) and subtracting the background we estimate that ∼ 95 % of the flux
in that area originates from unrelated background flux i.e. there is no significant
detection above the background noise in the Herschel 70 – 500 µm bands. The 3 σ
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Figure 4.2: G6.4−0.1, W28 - Left: Herschel three colour image and right: Herschel
70 µm image, both with radio (90 cm) contours overlaid. The arrows and magenta
circle indicate filaments of 70 µm emission which are coincident with radio struc-
ture. There is FIR emission at the location of other radio emission, although the
structure is different and association is unclear. The gold circle indicates the loca-
tion of an unrelated HII region. The white cross shows the radio coordinates of the
SNR centre from Green (2014).

upper limit we derive for the dust region from the 70 µm map is ∼12 Jy which is
consistent with the Lau et al. (2015) estimate. This region is too heavily confused
to constrain if there is cooler dust at this location using the Herschel images and
therefore we assign this a detection level 2.

There is bright emission to the west in the 70 – 250 µm bands at the location
of the HII region Sgr A West which appears bluer compared to the surrounding
dust emission (Figure 4.1), and which is coincident with the brightest region in
the radio. There is also an IR structure to the east of the source in all Herschel
wavebands (orange structure in the top panel Figure 4.1). It is thought that the
SNR is interacting with a molecular cloud on this side (e.g. Sjouwerman et al.,
2010; Tsuboi et al., 2015). This continuum emission may originate from shock-
heated dust, however, it does not correspond to the radio morphology and it is
more likely that it is unrelated.

G6.4−0.1 (W28): W28 is a well-studied mixed morphology remnant with
evidence of a molecular cloud-SN blast wave interaction (e.g. Wootten, 1981; Reach
et al., 2005a). We see many filaments of 70 µm emission which follow the radio
contours in Figure 4.2. Although the proximity of HII regions makes this region
confused, we propose that the structure in the Herschel data (arrows and magenta
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Figure 4.3: G8.3−0.0 - Herschel three
colour image with VLA 20 cm contours
overlaid. A shell structure is detected
across all Herschel wavebands. There is
some variation in the FIR structure com-
pared with the radio, however there is
coincidence between the two. The large
gold circle indicates the location of an IR
bubble. The white crosses shows the X-
ray coordinates of the SNR centre and the
small gold circle indicates the location of
a maser.
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Figure 4.4: G9.9−0.8 - Herschel three
colour image with VLA 90 cm contours
overlaid. There is FIR emission in a shell
structure at the western/north-western
edge of the radio shell. However, the
morphology of the structures are differ-
ent and there are multiple HII regions
(gold diamonds) and FIR bubbles (gold
circles) (Simpson et al., 2012), as such, we
can not confirm if this is associated with
the SN. The white crosses shows the ra-
dio coordinates of the SNR centre.

circle in Figure 4.2) on the eastern side of the remnant, and to the north is associated
with the SNR due to its close correlation with radio emission. The 70 µm emission
on the eastern side is also coincident with shocked H2 emission (Reach et al., 2005a)
from the interaction border between the SNR and molecular clouds. Furthermore,
the dusty region in the magenta circle and the northernmost part of the dust feature
indicated by the arrows overlap with shocked molecular gas (12CO(3-2), Figure 1b
in Zhou et al., 2014, see also Arikawa et al., 1999). Although the region is confused
in the Herschel images, given the strong association of the 70 µm filaments with the
radio structures, we classify this as a level 1 detection.

G8.3−0.0: Brogan et al. (2006) detected a radio shell at 90 cm with a very
bright region at α = 18h04m38s, δ = −21◦47′17′′. There is a shell of emission
detected across all Herschel wavebands which correlates with the radio structure
as shown in Figure 4.3. As such, this satisfies our criteria for a level 1 detection.
There is a marked colour variation within this shell. At wavelengths longer than
70 µm there is a bright patch to the south-west, and emission is detected at all
wavelengths from the location of a maser at α = 18h04m36.02s, δ = −21◦48′19.6′′

105



18h13m30s 10s 00s

-17°50'00"

52'00"

54'00"

56'00"

58'00"

Right Ascension (J2000)

De
cli

na
tio

n 
(J2

00
0)

Figure 4.5: G12.7−0.0 - Herschel three
colour image with VLA 20 cm contours
overlaid. The region is very confused
to the east, there is FIR emission in the
south-western region of the SNR shell.
There are also FIR bubbles at this location
(Simpson et al., 2012), as indicated by the
gold circles. The white crosses shows the
radio coordinates of the SNR centre.
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Figure 4.6: G13.5+0.2 - Herschel 70 µm
image with VLA 20 cm contours over-
laid. Filaments are detected at 70 µm
which are coincident with radio emis-
sion, and are indicated by the arrows.
These are more confused at 160 µm, and
cannot be distinguished from surround-
ing ISM in the longer Herschel wave-
bands. The white cross shows the radio
coordinates of the SNR centre from Green
(2014).

(Green et al., 2010; Hewitt & Yusef-Zadeh, 2009a). There is also FIR emission across
all Herschel wavebands to the south-east of the SNR, near α = 18h04m43.5s, δ =

−21◦51′29.5′′, although this region is at the edge of a FIR bubble (Simpson et al.,
2012, Figure 4.3) making its association with the SNR unclear.

G9.9−0.8: This SNR has a shell structure detected in radio (90 cm, Brogan
et al., 2006) and optical (Hα, Stupar & Parker, 2011) wavebands. As seen in Fig-
ure 4.4, there is FIR emission detected at the location of the western edge of the
radio shell. However, there are multiple HII regions and FIR bubbles (Simpson
et al., 2012) at this location, and the FIR structure is distributed differently to that
of the radio. Although molecular hydrogen from an interaction between the SNR
and molecular clouds was discovered in Hewitt & Yusef-Zadeh (2009a), there is no
accompanying image to compare with the dust features. We therefore argue that
the FIR features are potentially related to the SNR, as such this satisfies our criteria
for a level 2 detection.

G12.7−0.0: Brogan et al. (2006) detected a radio shell from this SNR. There
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Figure 4.7: G23.3−0.3 (W41) - Herschel three colour image with VGPS 21 cm con-
tours overlaid. The gold circles indicate the locations of some of the unrelated
sources in this region, such as molecular clouds and bubbles. The gold diamonds
at α = 18h34m51.8s, δ = −08◦44′38.2′′ and α = 18h34m46.6s, δ = −08◦44′31.4′′ in-
dicate the locations of a gamma-ray source (HESS J1834–087) and OH (1720 MHz)
maser lines. The other gold diamonds indicate the locations of masers.

is FIR emission in Figure 4.5 coincident with the south-western region of the radio
shell, although there is a FIR bubble (Simpson et al., 2012) at this location and
therefore we cannot be sure of the origin of this emission. We therefore classify
this as a level 2 detection.

G13.5+0.2: We detect filaments of emission at 70 and 160 µm which corre-
late with VLA 20 cm radio structure (Helfand et al., 1989) as indicated by the ar-
rows in Figure 4.6. There is 70 µm emission along the south-western edge, within
the VLA contours. It is thought that this may be a ridge of shock-heated dust re-
sulting from the interaction between the SNR and surrounding molecular clouds,
which is in agreement with the detection of H2 from this source (Froebrich et al.,
2015). There is more confusion in the longer wavebands and there does not seem
to be any associated structure in those bands. Based on the coincidence with the
70 µm filaments and radio features, we therefore classify this as detection level 1.

G23.3−0.3 (W41): This SNR is in a very crowded region of the Galactic
Plane, where there are multiple dense cores, YSOs, HII regions, and bubbles. The
presence of a gamma-ray source (HESS J1834–087) and OH (1720 MHz) maser lines
near the centre of the source (indicated in Figure 4.7) suggest that the SNR may be
interacting with a molecular cloud (HESS Collaboration, 2015). Several molecular
clouds are labelled in Figure 4.7 with gold circles. There is bright FIR emission
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Figure 4.8: G65.8−0.5 - Left: Herschel three colour image and right: Herschel 70 µm
image, both with radio NVSS 1.4 GHz contours overlaid. FIR structure is detected
at the eastern edge of the SNR, at the location of radio and Hα structure (Sabin
et al., 2013). An unidentified region of FIR emission is detected at the centre of the
source at 160 – 500 µm. The white cross shows the radio coordinates of the SNR
centre from Green (2014).

at the location of the radio structure, however the clearest FIR is also coincident
with molecular clouds. Although there may be SNR-related dust in this region, we
cannot determine its association because of confusion, this therefore satisfies our
criteria for a level 2 detection.

G65.8−0.5: This object was only recently classified as a SNR by Sabin et al.
(2013) who used Hα to identify its nature. We compare Hα and NVSS images with
Herschel finding bright 70 and 160 µm emission at the east of the source at the
location of the Sabin et al. (2013) Hα structure. We propose that this 70 and 160 µm
feature is associated with the SNR, although the structure is offset to, and more
extended than the radio emission seen in the NVSS 1.4 GHz image (Figure 4.8).
Unfortunately the Herschel SPIRE maps at 250 – 500 µm do not cover the area where
the Hα and radio structure is seen. Additionally, at 160 – 500 µm there is a region of
emission detected at the radio centre of the SNR, although this does not correlate
with radio emission and we cannot determine if this is associated. Given the close
spatial coincidence between the Herschel emission, Hα and radio structures to the
east of the SNR, we classify this as a level 1 detection, though we note that here we
do not have the full colour information in the Herschel bands.

G67.8+0.5: Like G65.8−0.5, this source was only recently identified as a
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Figure 4.9: G67.8+0.5 - Herschel three
colour image with NVSS 1.4 GHz con-
tours overlaid. Dust emission is detected
at 70 µm from a faint radio source, and
at all Herschel wavelengths from a par-
tial shell along the western and south-
western edges of the SNR. The white
cross shows the radio coordinates of the
SNR centre from Green (2014).
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Figure 4.10: G298.6−0.0 - Herschel three
colour image with 843 MHz (Molonglo
Observatory Synthesis Telescope, MOST)
contours overlaid. Dust is detected in fil-
aments at the east of the source, and in
a ridge along the southern edge as in-
dicated by the arrows. The white cross
shows the radio coordinates of the SNR
centre from Green (2014).

SNR by Sabin et al. (2013). There is bright 70 µm emission at α = 19h59m57.5s, δ =

30◦51′26′′, coinciding with the location of an unidentified IRAS source (IRAS 19579+3043)
and with emission in the WISE 22 µm archive image (though at lower resolution
than Herschel 70 µm). Here, the FIR is anti-correlated with the radio as the Herschel
FIR peak is located in a gap in the radio structure. There is also brighter 70 µm
emission than the surroundings (bluer FIR than the surrounding emission) indi-
cating the presence of warmer dust emission. Although this does not align with
the detection criteria defined in Section 4.1, we expect that this emission is asso-
ciated with the SNR due to the FIR colours and the coincidence with the radio
centre. There is also a bright shell across all Herschel wavebands to the west and
south-western edge of the SNR. We propose that the central source and outer shell
are associated with the SNR and therefore classify this SNR as a level 1 detection. It
is possible that the central emission, which lacks radio emission, could be cold SN
ejecta dust (as seen in Cas A, Barlow et al., 2010), while the shell emission is from
the ISM. Further follow up observations in other wavelengths would be needed to
investigate this.

G298.6−0.0: This is a mixed-morphology SNR, with an X-ray filled centre
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Figure 4.11: G306.3−0.9 - Herschel three
colour image with Chandra contours
overlaid. Dust emission is detected
at 70 µm inside the X-ray contours, es-
pecially towards the south-west where
there is the brightest X-ray emission. The
white cross shows the X-ray coordinates
of the SNR centre.

13h53m00s 51m00s 49m00s

-61°50'00"

-62°00'00"

10'00"

20'00"

Right Ascension (J2000)

De
cli

na
tio

n 
(J2

00
0)

Figure 4.12: G309.8+0.0 - Herschel three
colour image with Chandra contours
overlaid. The gold circle indicates a
bright knot of 70 µm emission which may
be associated with the SNR, although its
location within the radio contours may
be coincidental. The white cross shows
the X-ray coordinates of the SNR centre.

and radio shell (Rho & Petre, 1998; Bamba et al., 2016). A filament of dust is de-
tected in all Herschel wavebands at the eastern edge of this source at the location of
a bright radio filament detected by MOST (Molonglo Observatory Synthesis Tele-
scope) at 843 MHz (Whiteoak & Green, 1996). There is also dust detected along the
south of the radio structure. At 70 µm this extends along the length of the radio
contours and is brightest at the western edge, where emission at the other Herschel
wavebands is found. We therefore classify this as a level 1 detection. Comparing
the Suzaku X-ray image from Bamba et al. (2016), these features are not correlated
with the centrally filled X-ray emission, and therefore are likely to originate from
swept up interstellar material given the coincidence with the edge of the radio
shell.

G306.3−0.9: This source is a recently discovered remnant of a Type Ia SN
(Reynolds et al., 2013) in which the reverse shock has heated the central ejecta re-
gion (Combi et al., 2016). The overall morphology in the X-ray (Reynolds et al.,
2013; Combi et al., 2016) is a semi-circular shape with strong radio and X-ray emis-
sion in the southwest, suggestive of an interaction with an interstellar cloud or an
asymmetric SN explosion. Both X-rays and radio emission are fainter in the north.
Combi et al. (2016) showed that the SNR is brighter in softer X-rays towards the
centre and found distinct shock-heated ejecta regions in the northeast, central and
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southwestern areas (see their Figure 7) with enhanced abundances and tempera-
tures. Similarly, they saw distinct X-ray regions in the northwest and south of the
SNR that they attributed to shockfronts interacting with the interstellar medium.

Comparisons with the X-ray, radio, and hot dust emitting at 24 µm using
Spitzer observations were presented in Reynolds et al. (2013) and Combi et al.
(2016). In the latter study, they noted that the 24 µm morphology from shocked
dust grains is shell-like, matching the distribution observed in hard X-rays. The
former study noted that an additional ridge feature to the south seen in radio
and X-ray images is also correlated with the 24 µm emission, commenting that this
could originate from swept up dust or ejecta dust. Reynolds et al. (2013) also men-
tion that Herschel 160 – 500 µm images show an over density of dust in the north
where the X-ray emission is the faintest. The three colour Herschel image is dis-
played in Figure 4.11. In the Herschel image, the dust emission is concentrated in
the south, with very little dust at 70 µm in the north-east. The Herschel dust fea-
tures that are bright at 70 µm (blue clumps in Figure 4.11) overlap with the known
24 µm features, therefore this is a clear level 1 detection.

We note that in Chapter 2, we also found dust associated with another can-
didate Type Ia SNe G344.7−0.1 (see also Combi et al., 2010a; Giacani et al., 2011;
Yamaguchi et al., 2012), where the dust features are also consistent with a non-
supernova origin. We will return to these two SNRs in Section 4.2.2.

G309.8+0.0: There is lots of FIR emission across the region, although the
majority seems to be unrelated extended emission from interstellar clouds. We de-
tect a bright knot of 70 µm emission to the east which has a similar morphology
to the radio structure (indicated by the circle in Figure 4.12). However, the FIR
extends slightly beyond the radio contour, and the location of this emission may
be coincidental. Reach et al. (2006) listed this as a level 3 detection based on NIR
Spitzer observations (3.6 – 8.0 µm). The SNR is listed in the table of OH detections
from Green et al. (1997) but whether this originates from a maser has not been con-
firmed. A bright radio source, thought to be extragalactic in origin (Whiteoak &
Green, 1996), is observed to the north of the SN centre at α = 13h50m35.2s, δ =

−62◦00′42′′; no related FIR emission is observed at this location. Given the uncer-
tainty as to whether the dust feature within the gold circle is associated with the
ejecta due to the multiple sources seen in the field with similar Herschel colours,
we classify this SNR as a level 2 detection.

G350.1−0.3: This source is thought to be a very young core-collapse SNR
(≤ 1 kyr) with an associated neutron star (Gaensler et al., 2008; Lovchinsky et al.,
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Figure 4.13: G350.1−0.3 - Left: Herschel three colour image (smoothed to the 250 µm
resolution). Right: Herschel 70 µm image. The white contours are 24 µm Spitzer
MIPS (Lovchinsky et al., 2011) and the cyan contours are X-Ray Chandra. Dust
emission is detected to the eastern side of this remnant, within the magenta circle.
This region correlates with SNR emission in the X-ray, radio, and MIR (Gaensler
et al., 2008; Lovchinsky et al., 2011). The gold diamond indicates the location of
the associated neutron star, XMMU J172054.5−372652 (Gaensler et al., 2008). The
white cross shows the X-ray coordinates of the SNR centre.

2011). It has a distorted clumpy structure with X-ray emission from four regions.
Spitzer MIPS observations revealed 24 µm emission arising from two of these X-
ray regions, which was suggested as likely originating from ejecta dust heated by
the reverse shock (Lovchinsky et al., 2011). Although Spitzer MIPS did not reveal
70 µm emission associated with the SNR structures (Lovchinsky et al., 2011), with
the higher resolution and more sensitive Herschel PACS, we have detected dust
emission at 70 µm in one of the 24 µm-emitting regions to the east, as indicated
by the magenta circle in Figure 4.13. We do not see any evidence of associated
emission in the longer Herschel wavebands. Since the Herschel 70 µm feature over-
laps with the 24 µm dust attributed to the SNR and with X-rays, we classify this
source as a level 1 detection. We do not detect FIR emission at the location of the
proposed compact object (CCO) (Gaensler et al., 2008) (indicated by the gold dia-
mond). The strong 70 µm emission from the dust region is similar to the properties
of the ejecta dust discovered in SNRs G11.2−0.3, G21.5−0.9, G29.7−0.3 (Chap-
ter 2), and G54.1+0.3 (Temim et al., 2017; Rho et al., 2018). Therefore G350.1−0.3
can be added to the growing list of SNRs that contain dust within their ejecta.

G351.2+0.1: This SNR has a well defined radio shell (Caswell et al., 1983b),
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Figure 4.14: G351.2+0.1 - Top left: Herschel three colour image with VLA C-band
(4.5 – 6.4 GHz) contours overlaid and Top right: VLA C-band (4.5 – 6.4 GHz) image.
FIR emission is detected in a northern bar, between the two arrows, and more
faintly from the south-western shell at 70 µm. Emission from the central region
within the magenta circle is detected across all Herschel wavebands. The white
cross shows the radio coordinates of the SNR centre from Green (2014). Bottom left:
Three colour IRAC image using bands 1 (3.6 µm - blue), 3 (5.8 µm - green) and 4
(8 µm - red). This image was made using archive data from the Spitzer Enhanced
Imaging Products Super Mosaic Pipeline. Bottom right: Herschel three colour image
with VLA radio contours (see top panel), note we have changed the colour scaling
compared to the top right panel in order to highlight the central features more
clearly.
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which appears flattened in the north (Dubner et al., 1993) indicating that the shock-
front is interacting with dense ISM and that the SNR is relatively young. The SNR
has a compact (15′′ diameter) central core in the radio (within the magenta circle
in Figure 4.14) and this is attributed to synchrotron emission powered by a pulsar
(Becker & Helfand, 1988). Figure 4.14 compares the radio emission at 4.8 GHz (top
left panel) with the Herschel three colour image (top right panel). (Dr A. Papageor-
giou (priv. comm.) processed the radio data presented in Becker & Helfand (1988)
in AIPS, following standard calibration and imaging procedures.)

In the Herschel images, we detect emission from the northern shell of the
SNR coincident with the thin radio shell seen in the VLA image, as indicated by
the arrows in Figure 4.14. There is also a bright 70 µm clump on the south-western
side of the SNR that coincides with a radio peak. We see very little 70 µm emission
at the location of the south-east shell where the radio is bright. The brightest 70 µm
emission observed in the SNR is from the central radio core (within the magenta
circle, this is also visible in archival Spitzer MIPS 24 µm data and the Spitzer IRAC
image in Figure 4.14). A further bright 70 µm source can be seen just north of
the flattened northern shell, and a fainter point source that lies to the immediate
east of the central core are also detected; these are detected in the longer Herschel
wavebands and are likely not associated with the SNR. We classify this source as a
level 1 detection due to the spatial coincidence of the central FIR core and northern
FIR shell with corresponding radio features.

The potential FIR detection of a compact object, or PWN is interesting to
explore, although the central core is atypical of its class. It is very faint (10 mJy at
6 cm) (Becker & Helfand, 1988) with spectral slope α = +0.27, where flux varies
with frequency as Sν ∝ ν−α suggestive of a very weak source (or possibly old
source), compared to Crab-like remnants where typically α ranges from ∼ −0.25
to−0.3. The oddness of this source led Becker & Helfand (1988) to discuss whether
it could be a HII region or stellar wind, where the spectral slope would be predicted
to be −0.1 (+2.0) for optically thin (optically thick) emission or +0.6 respectively.
The source was not detected by the MOST radio survey (Whiteoak & Green, 1996),
though it lies below their sensitivity level. Notably, the central core is not detected
in Chandra archive observations1. We note that a hard spectrum X-ray source at-
tributed to a pulsar was observed within a 2× 4 deg region with GINGA (Tawara
et al., 1988) overlapping the location of G351.2+0.1 and with a previously detected
X-ray source (GPS1722-363). The pulsation rate of this source is 414 s, oscillating

1 Chandra maps (obsid 3844; 4591) covering the SNR footprint are presented in the massive star
forming region omnibus of Townsley et al. (2018).
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Figure 4.15: G354.1+0.1 - Herschel three
colour image with MOST 843 MHz radio
contours overlaid. FIR emission is de-
tected from within the radio contours al-
though association with the SNR is un-
clear. The gold circles indicate the lo-
cations of bubbles (Simpson et al., 2012)
and a dense core (Purcell et al., 2012). The
white cross shows the radio coordinates
of the SNR centre from Green (2014).
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Figure 4.16: G355.6−0.0 - Herschel three
colour image with MOST 843 MHz radio
contours overlaid. There is FIR emission,
with strong 70 µm flux indicated by the
arrow, which may be related with SNR
radio structure, although the region is
extremely confused and any SNR emis-
sion is difficult to disentangle. The white
cross shows the radio coordinates of the
SNR centre from Green (2014).

between 1 – 4 milliCrab (where 1 Crab is equivalent to 15 keV cm−2 s−1 in the X-ray
range 2 – 10 keV).

The compact core region is clearly detected in NIR archive images of the
region. Figure 4.14 (bottom panel) shows a close up view of the NIR and FIR emis-
sion in the central core, with NIR Spitzer IRAC three colour image on left (3.6, 5.8
and 8 µm), and the FIR Herschel three colour image on the right. The central radio
core is an extended feature in the NIR bands, and is very similar to the IRAC im-
ages of the PWN G54.1+0.3 and compact PWN in G21.5−0.9 (Zajczyk et al., 2012).
In G54.1+0.3, Spitzer IRS spectra revealed that the IRAC feature was from argon
line emission from the ejecta and a broad silicate dust feature peaking at 9 µm
(Temim et al., 2017; Rho et al., 2018). The similarity of the NIR emission features
could therefore suggest that G351.2+0.1 adds to the growing list of sources of SN
ejecta dust detected from a PWN. We return to this source in the next Chapter.

G354.1+0.1: There are multiple radio features in this region and there are
FIR filaments of emission observed in the same regions as radio structures. As-
suming that the radio emission from the SNR is the region encompassing the pul-
sar (see Figure 4.15), the FIR may be associated with the SNR, although we cannot
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Figure 4.17: G357.7−0.1, The Tornado - Herschel three colour image. We detect
dust emission across all Herschel wavebands for the ‘head’ of The Tornado, within
the magenta circle. We also detect FIR emission from the ‘tail’ of The Tornado,
and from a fainter filament extending around the head, as indicated by the arrows.
The HII region known as the ‘eye’ of The Tornado is detected to the west of the
‘head’, within the gold circle. The gold diamond indicates the location of an OH
(1720 MHz) maser. The white cross shows the radio coordinates of the SNR centre
from Green (2014).

definitively determine an association due to the numerous unrelated FIR sources
in this region (gold circles in Figure 4.15). Thus we classify this as a level 2 de-
tection. We do not detect emission at the location of the associated pulsar, PSR
1727−33, indicated by the gold diamond in Figure 4.15 (Frail et al., 1994).

G355.6−0.0: This SNR is another mixed morphology source (Rho & Petre,
1998). As seen in Figure 4.16, radio observations show a clear shell in the MOST
843 MHz radio image (Gray 1994a, their Figure 2) with enhanced emission to the
west. There are multiple FIR filaments in the region of this SNR, although the
majority do not seem to correlate with the radio. There is a filament of emission
near α = 17h35m08s, δ = −32◦36′14′′ which may be associated with the radio peak
at the western edge of the SNR, although the region is confused and we cannot
confidently determine whether this is related. This satisfies our criteria for a level
2 detection in that there is potential FIR emission related to SN features.

G357.7−0.1 (MSH 17-39): Known as ‘the Tornado’, this unusual SNR candi-
date comprises a ‘head’, which appears as a shell- or ring-like feature in the radio
(Shaver et al., 1985) and an unresolved extended clump in X-rays (Gaensler et al.,
2003), a larger extended radio shell/filamentary structure, and an elongated ‘tail’.
These features are marked with a magenta circle, contours and arrows respectively
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Figure 4.18: G357.7+0.3 - Left: Herschel three colour image with MIPS 24 µm con-
tours overlaid. Right: Herschel 70 µm image with MOST 843 MHz contours over-
laid (radio image is shown in Figure 2 from Gray (1994b) and Figure 1 from Rho
et al. (2017)). FIR emission is observed within the gold circles from ‘comet’ like
structures to the west detected by Phillips et al. (2009), we do not expect that these
structures are associated with the SNR. The white cross shows the radio coordi-
nates of the SNR centre from Green (2014). The gold diamond to the west indicates
the location of the Mira star V1139 Sco and the diamond in the north indicates the
location of an OH (1720 MHz) maser.

in Figure 6.2. The compact, bright radio source seen to the west of the head at
α = 17h40m05.9s, δ = −30◦59′00′′ is the so-called ‘eye’ of the Tornado. However,
this has been shown to be unrelated to the SNR structure and is proposed to be an
isolated core embedded in a foreground HII region (Brogan & Goss, 2003; Burton
et al., 2004).

Although this region is confused in the FIR (Figure 6.2), the Herschel images
show clear emission from dust, with bluer colours than the surrounding interstel-
lar material, in the Herschel images at the location of the head and the tail. The
coincidence of FIR emission with the radio-bright head makes this a level 1 de-
tected source. Further analysis of this source can be found in Chapter 6.

G357.7+0.3: This source has a distinctive square morphology giving rising
to the name ‘the Square Nebula’. There is extended OH (1720 MHz) emission along
the western edge of the SNR (Yusef-Zadeh & Goss, 1999) and the recent discovery
of shocked molecules, broad CO in millimetre, shocked H2 lines with Spitzer, and
158 µm [CII] with SOFIA in Rho et al. (2017) provides unambiguous evidence that
this SNR is interacting with a molecular cloud. Although there is lots of extended

117



FIR structure making associated emission difficult to distinguish, there are fila-
ments at the western edge, near to the OH (1720 MHz) emission, which may be
related. We therefore classify this as a level 2 detection.

Phillips et al. (2009) observed comet-like structures to the west of this source
which they suggest result from interactions between the SNR and nearby molecu-
lar clouds. We detect FIR emission across all Herschel wavebands from these struc-
tures near to α = 17h36m57s, δ = −30◦46′02′′, α = 17h35m59s, δ = −30◦53′03′′, and
α = 17h36m11s, δ = −31◦07′40′′, indicated by the gold circles in Figure 4.18. We
also see a plume of dust emission near the Mira star V1139 Sco, originally seen at
24 µm in Phillips et al. (2009). The origin of this emission is unclear; Phillips et al.
(2009) propose that the wind is being swept behind the star by an interaction with
the SNR, although the Mira star may be unrelated and its location coincidental. We
do not expect that any of these structures are associated with the SNR. If the struc-
tures were the result of interactions with the expanding SNR we would expect
them to point away from it and the brightest emission would be at the furthest
point from the remnant centre. The morphology of these objects is more similar to
evaporating gaseous globules (EGGs) or protoplanetary discs, it is therefore more
likely that the knots are associated with star formation, which may have been trig-
gered by the SN. In order to check whether the comet-like structures could be a
result of the SNR interaction, we roughly estimate the distance to these regions
and compare with the distance travelled by the SNR shock. We note that little is
known about the progenitor for this source. We focus on the structures labelled A
to D in Figure 2 of Phillips et al. (2009) and the closest source to the SNR, structure
G357.46+0.60. To be consistent with Phillips et al. (2009) we assume that the SNR
is at 4 kpc, and then assume that the comet-like structures are at the same distance.
Thus the closest edge of the structures are at distances between 22 and 51 pc from
the radio centre of the SNR (from Green, 2014). The distance reached by the shock
front is estimated initially by assuming the most optimistic case, whereby the SNR
is freely expanding since the explosion (i.e. it is not yet in the Sedov-Taylor phase).
Assuming an ejecta mass between 5 – 15 M� and an age of < 6400 years (Phillips
et al., 2009), the shock wave would have reached a maximum distance of ∼29.3 pc
in this time. We find that only the closest globule (G357.46+0.60) is within range of
the shockwave, and only if the ejected mass is smaller than 8.5 M�. If we assume
the SNR is in the Sedov-Taylor expansion phase, the SF globules are well outside of
the estimated shock wave radius (5.0 pc) for a typical ISM n(H) of 1 cm−3. Higher
interstellar densities would further reduce the reach of the SNR. Thus we do not
expect that any of these structures are associated with the SNR.
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Figure 4.19: G359.1+0.9 - Herschel three colour image. There are FIR filaments
towards the western edge of the SNR which may be associated although the region
is very confused. The white cross shows the radio coordinates of the SNR centre
from Green (2014).

Phillips et al. (2009) used MIPS 24 µm combined with low (arcmin) resolu-
tion IRAS data to propose that the northern-most of these structures contains dust
at ∼ 30 K. Fitting a modified blackbody to background subtracted Herschel fluxes
(see Chapter 3 for details) confirms that it contains dust at ∼ 33 K.

G359.1+0.9: This SNR has a shell-like structure in the radio (Gray, 1994a,
their Figure 10). Comparing the Herschel emission by eye with their figure2, we see
bright extended emission to the east of this source and multiple FIR filaments at
the location of the SNR. Some of these filaments may be associated with the SNR,
although Figure 4.19 shows that this region is very confused and we cannot defini-
tively distinguish SNR and unrelated emission making this a level 2 detection.

4.2 DISCUSSION

4.2.1 TYPES OF SOURCES DETECTED

Here we discuss the detection rates found in our Herschel survey of SNRs.
The work in this Chapter reveals signatures of dust in 10 (8 %) SNRs in the Galactic
Plane (detection level of 1) compared to the 29 detected in Chapter 2 (41 % detec-
tion rate). In total, we estimate a FIR detection rate of 21 % of Galactic SNRs with
| b | ≤ 1◦ and classed as a level 1 detection. Table 4.3 and Figure 4.20 give a sum-
mary of the types of SNRs detected in this study. Of our new FIR detections, we

2 unfortunately, the radio fits data for this source or region was not available for download online.
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Survey
Common Upgraded Downgraded

Detections Detections Detections
Arendt (1989) 9 15 2
Saken et al. (1992) 7 16 8

Table 4.2: The number of sources detected in common with, upgraded to Level 1
detection, and downgraded from Level 1 in comparison with previous FIR SNR
surveys.

observe dust emission from the shell/outer shock region of 8 SNRs, and from the
inner ejecta region (interior to the reverse shock) of 4 sources. We detect 1 Type Ia
and 1 core collapse SNe. Combining with our earlier survey, this gives Herschel-
detected SN dust structures in 13 core-collapse SNe, including 4 confirmed PWNe,
and 2 Type Ia’s in the Hi-GAL survey. Including the other Herschel discovered
dusty remnants in the Milky Way that were not covered by the Hi-GAL survey,
that is Cas A, the Crab Nebula, Tycho, Kepler and G292.0+1.8 (hereafter, we name
this group the historical dusty SNRs), the final statistics for dust features related to
SN structures in the Galaxy are therefore 16 core collapse SNe, including 6 PWNe,
and 4 Type Ias (see Table 4.3). Based on these 20 sources where the SN explosion
type is known, our dust-detected sample is made up of 80 % core-collapse SNRs,
and 20 % Ia SNRs, closely mirroring the observed rates of core-collapse and Type
Ia SN explosions (van den Bergh, 1993; The et al., 2006) with the former occurring
at rates of ∼ 2 − 3 SNe per century (van den Bergh, 1991; Dragicevich et al., 1999;
Diehl et al., 2006; Li et al., 2011).

Compared with previous FIR surveys of Galactic SNRs by Arendt (1989)
and Saken et al. (1992) our higher resolution at longer wavelengths helps us to
better distinguish SNRs from the surrounding ISM, giving us higher detections
rates within the Galactic Plane. As shown in Table 4.2, in comparison with previous
FIR surveys by Saken et al. (1992) and Arendt (1989) we increase the detection
rate of dust in Galactic SNRs, that is from 17 to 24 %, and 13 to 26 % respectively
(excluding sources which were not included in the Green (2014) catalogue).

An interesting question is whether there exists a trend with how dusty a
SNR is and its age (e.g. Otsuka et al., 2010; Gall et al., 2014). (Ages are listed in
Table 2.1 where known, see references therein.) Not including those without esti-
mated ages, Figure 4.20 shows that the highest proportion of our detected sources
are young, ≤ 5 kyrs, which may be because the SNR is still compact so that sur-
face brightness is higher and therefore more easily ‘seen’ in the comparison of the
multicolour Herschel images. The historical dusty SNRs also lie within this age
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Figure 4.20: As in Chapter 2, we show a summary of the source types detected in
the sample, including those in our earlier first look study. Top: Filled histograms
compare the number of sources with different ages for a given detection classi-
fication in Hi-GAL. The unfilled bar includes the previous Herschel detections of
Galactic SNRs not covered by the Hi-GAL survey: Cas A, the Crab Nebula, Tycho,
Kepler and G292.0+1.8. Middle: As top panel, but showing the number of sources
with different SN types for a given detection classification. Bottom: The detection
level compared with the size and age of SNR; the crosses indicate the properties of
the previous historical SNRs. The age is unknown for 104 SNRs from our sample.
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Detection Type Number Detected
C19 This Work Historical

SNR Region \ Shell / outer shock region 23 8 3
Inner ejecta region * 8 4 3
Confirmed PWN † 4 0 1

Interacting molecular cloud 0 1

Age (kyr) ≤ 1 2 1 3
1 <Age ≤ 10 12 2 2

10 <Age ≤ 20 1 0
>20 4 0

Unknown 9 7

SN Type Type Ia 1 1 2
Core collapse 12 1 3

Unknown 16 8

Table 4.3: Summary of the level 1 detected sample in this work and combining with
our earlier survey in Chapter 2. We also include the previously detected Herschel
Galactic SNRs as ‘historical remnants’: Tycho, Kepler, Cas A, the Crab Nebula
and G292.0+1.8. * Sources from which we detect FIR emission from the inner
region are: G11.2−0.3, G16.4−0.5, G21.5−0.9, G21.5−0.1, G29.7−0.3, G34.7−0.4,
G54.1+0.3, and G344.7−0.1 (this work), and G306.3−0.9, G350.1−0.3, G351.2+0.1,
and G357.7−0.1 (this work). †SNRs for which there is evidence that the detected
central region is associated with the confirmed PWN. We note that G351.2+0.1
could be associated with a PWN (see Section 5.2).

range (Figure 4.20), indeed these are mostly clustered towards younger ages than
the majority of the det=1 SNRs in our Hi-GAL survey (where the youngest det=1
SNR is the core-collapse SNR G29.7−0.3, Kes 75). This suggests that the previ-
ous historical dusty SNRs were biased to the youngest (and potentially dustiest)
objects, whereas the sample in this work has detected dust signatures associated
with SNRs at a wider range of ages up to 102 kyr.

However, for all SN ages and types we are more likely to find level 3 de-
tections, where there is only unrelated FIR emission in the region. Although this
may imply that there is no dust within these SNRs, we are also greatly affected by
confusion in cases where sources may have a similar dust temperature to ISM dust
or is already starting to mix with the ISM (i.e. larger/older), wherein it becomes
more difficult to separate ejecta and unrelated material. We therefore expect that
the detection levels quoted here are a lower limit on the number of SNRs within
the Galactic Plane which contain dust.
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Figure 4.21: Location of Galactic SNRs from Green’s catalogue as a function of their
assigned detection number, 1–4 (green circles, orange triangles, magenta squares,
and grey plus signs respectively) and those not covered in the Hi-GAL survey (i.e.
not studied here) shown by the grey crosses. The dashed blue lines indicate the
extent of the area surveyed by Hi-GAL. Top: All SNRs from Green’s catalogue.
Bottom: Sources within the Galactic Plane with | b |≤ 1 (including Chawner et al.,
2019). Hi-GAL data are unavailable for 10 sources within the Galactic Plane.

4.2.2 A CLOSER LOOK AT THE TYPE IAS DETECTED IN THE SUR-

VEYS

Previous studies of FIR emission associated with Type Ias remnants have
attributed it to swept up ISM, rather than ejecta dust produced by the SNR. This
leaves uncertainty as to whether dust can be formed by Type Ia SNe. The detec-
tion of SN-related dust features in the Herschel images of the Type Ias G306.3−0.9
(Section 4.1.2) and (in Chapter 2) G344.7−0.1 (Section 2.1.2) could provide fur-
ther insight into dust formation in Ia SNRs. These are unusual cases since, at first
glance, the IR emission appears to originate from reserve shock-heated material
and therefore provides an opportunity to search for the presence of dust cooler
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Figure 4.22: G306.3−0.9 Left: three colour X-ray image using Chandra archive im-
ages at 0.73-1.47 keV (red), 1.47-2.2 keV (green) and 2.2-3.3 keV (blue) with Herschel
70 µm contours overlaid. See Reynolds et al. (2013); Combi et al. (2016) for further
details of the X-ray features. X-ray ‘distinct’ regions from Combi et al. (2016) are
labeled, where regions NE, C and SW are attributed to ejecta material, and regions
NW and S are consistent with foreground shock material. Dust features are labeled
1–4. Right: X-ray image with enhanced scale contrast and Herschel 160 µm contours
added revealing the (potentially foreground) interstellar cloud to the north of the
SNR.

than 60-100 K. However, we will show here that for both these SNRs, the dust ob-
served in the remnants is in fact related to material swept up by the blast wave or
unrelated interstellar clouds, and not due to emission from dust in the ejecta.

4.2.2.1 THE SNR G306.3−0.9

Figure 4.22 compares the Herschel emission at 70 µm with the X-ray distinct
regions from Combi et al. (2016). NE, C, and SW show the location of the reverse
shock heated ejecta regions and NW and S show regions where the X-ray origi-
nates from forward shock material. We see that the dust emission is concentrated
in the south, with very little dust at 70 µm in the north-east. First we see the south-
ern ridge from Reynolds et al. (2013) along the edge of the SNR (labeled ‘1’ in
Figure 4.22) coincident with the bright X-ray rim (and X-ray peak) in region S.
This is also coincident with a limb brightened outer radio shell. The central ridge
across the front of the remnant is bright at both 24 and 70 µm (labeled ‘2’ in Fig-
ure 4.22) and overlaps with the NW X-ray region from Combi et al. (2016). There
is also larger scale emission overlapping at the northern most edge of the SNR and
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extending beyond the remnant (as traced by the radio shell), this peaks at wave-
lengths greater than 160 µm (labeled ‘3’).

Here we also identify another dust feature in the Herschel maps (labeled ‘4’
in Figure 4.22). This is a bright elongated structure to the east of the SNR which has
two peaks, and lies slightly ahead of the radio shell. It appears to overlap with the
eastern-most part of the NE X-ray region from Combi et al. (2016) but has very little
associated X-ray and 24 µm emission. This dust feature has a very different colour
to features 1 and 2, and is similar to feature 3, suggesting the dust temperature is
cooler. Given the lack of X-ray and radio emission associated with features 3 and
4 and their different colour, we suggest they are unrelated to the SNR even though
feature 4, at first glance, appears to be a continuation of the southern dust shell
along the eastern side. Instead we propose these are part of a dust cloud that lies
in front of the remnant in the north (as seen clearly in the 160 µm emission). The
remaining SN-related dust features (1 and 2) originally seen in the 24 µm Spitzer
data are spatially coincident with the forward shock material regions NW and S in
Combi et al. (2016). Thus these are entirely consistent with swept up dust grains.

4.2.2.2 THE SNR G344.7−0.1

SNR G344.7−0.1 has an asymmetric shell structure in the radio (Whiteoak
& Green, 1996) with a bright region to the northwest. X-ray emission towards
the centre correlates with the radio but the radio peaks are further away from the
centre compared to the X-ray peaks (Giacani et al., 2011). This source is classified as
a mixed-morphology Type Ia SNR by Yamaguchi et al. (2012) due to the elemental
abundances and discovery of Fe-rich ejecta, though previous authors have argued
it may be a core-collapse remnant (Combi et al., 2010a). The mixed-morphology
classification for a Ia is rare, and is argued to be the result of an interaction with
the ISM, with a density gradient to the west visible in both radio and X-rays to a
lesser extent (e.g. Giacani et al. 2011; Andersen et al. 2011). The radio emission is
brighter on the western side, with a bright radio peak observed just north to the
centre of the SNR (hereafter the northern knot) where there is little X-ray emission.
A pulsar wind nebula origin for this knot was ruled out by Giacani et al. (2011),
instead they concluded that this bright radio feature is probably the result of strong
shocks interacting with dense material.

This SNR was listed as a level 1 detection for SN-associated dust in the 3.6-
8.0 µm NIR Spitzer catalogue of Reach et al. (2006) and the Herschel catalogue in
this work (Chapter 2, Chawner et al., 2019). MIR dust features, including one that
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Figure 4.23: G344.7−0.1 - Left: Three colour image showing the X-ray (Chandra
wide band 2.1-10 keV available from the Chandra SNR catalogue), radio (MOST)
and hot dust emission at 24 µm (Spitzer) adapted from Giacani et al. (2011) (sim-
ilar images have been shown in Combi et al. 2010a and Yamaguchi et al. 2012).
The ellipses mark out interesting dust features (discussed in the main text). Right:
Three colour dust image of the SNR combining 24 µm from Spitzer (blue) with the
Herschel 70µm (green) and 250 µm (red); this image covers a slightly larger region
than the left image. The emission seen in ‘red’ in the three colour dust image are
likely from unrelated material, with the northern, western and eastern structures
spatially coincident with atomic hydrogen in the vicinity of the SNR (Giacani et al.,
2011).

overlaps with the bright radio knot towards the north, filaments and arcs were
discovered in the Spitzer 24 µm image (Combi et al., 2010a), and were attributed
to dust orginating from a swept up shell, with the emission lying ahead of the
X-rays from the SN blast wave or coincident with radio features attributed to in-
teraction with the ISM (Reach et al., 2006; Giacani et al., 2011; Yamaguchi et al.,
2012). Andersen et al. (2011) derived a total dust mass of 0.58 M� with temper-
ature 66 K and attributed it to shock-heated swept-up dust. Figure 4.23 (left) is
adapted from Giacani et al. (2011) and compares the 24 µm, radio and X-ray emis-
sion3. Dust features detected in earlier works are labeled, including: MIR ‘arcs’
that lie ahead of the radio blast wave (arrows) and the location of the bright dust
knot in the north coincident with a radio peak (which is also coincident with a gap
in the X-ray emission - white ellipse). Beyond these known dust features, we label
two other potentially interesting regions in the SNR: a region that includes a bright

3 data are available from http://hea-www.cfa.harvard.edu/ChandraSNR/index.html
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24 µm point source (cyan ellipse) and a region that includes both filamentary and
point source emission at 24 µm (yellow ellipse). A three colour image comparing
Herschel emission at 70 and 250 µm with the 24 µm emission is shown in the right
panel of Figure 4.23. The 24 µm dust arcs from swept up material (indicated by the
arrows) are not visible in the Herschel data, and most of the SNR dust seems to be
brightest at 24 µm except for the bright northern structure which peaks at 70 µm
(white ellipse).

The cyan ellipse in Figure 4.23 (left) includes a bright point source at 24um
to the south-east of the SNR centre. This appears to be embedded in a more ex-
tended dust structure at wavelengths longer than 70 µm, and becomes brighter
and more extended at 250 µm. This structure extends ‘vertically’ across the image
(see the red emission in Figure 4.23, right). At 250–500 µm we also see large-scale
dust structures with similar ‘colours’ outside the remnant to the north and to the
west overlapping with a known HI cloud (Giacani et al., 2011), where the SNR is
thought to be expanding into the ISM. We therefore propose that the ‘red’ dust fea-
tures in Figure 4.23 (including the region in the cyan ellipse) are unrelated to the
SNR and are interstellar in origin. These dust structures are consistent with faint
neutral hydrogen seen around G344.7−0.1 near vLSR ∼ −115 km s−1 (see Figure 5
from Giacani et al., 2011).

The yellow ellipse in Figure 4.23 (left) indicates the location of 24 µm fila-
ments and point sources which overlap with clumps of dust in the 70 µm image,
just south of the centre of the remnant. To check if these dust clumps are related
to the SNR or correlate with known ejecta material, we compared their location
with X-ray emission from the Si-K and Fe-K emitting gas observed in the centre
of the remnant using deep Chandra images (Yamaguchi, H priv.comm, see also the
similar emission features seen in Suzaku data - Yamaguchi et al., 2012). We find
no evidence that any of the dust clumps in the Herschel images are spatially coin-
cident with the interior X-ray emitting knots and/or structures. Instead it is likely
these clumps are part of the unrelated cloud complex that extends across the south
(south of the radio shell).

This leaves only the previously detected northern dust knot (seen in both
Herschel and Spitzer observations), and the 24 µm arcs/filaments as features we
can associate with the SNR. Given the previous association of the coincident radio
feature to the north with shocks interacting with dense material (Giacani et al.,
2011), we argue there that the dust features are entirely consistent with emis-
sion from swept-up dust grains at the edge of a shell, where the SN is sweeping
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up/interacting with clouds.

Is the lack of ejecta dust in these Ia’s surprising? The theoretical model of
dust formation in the ejecta of Type Ias from Nozawa et al. (2011) suggests approx-
imately 0.1 M� of dust should form and survive the environment of a Ia SNR for
at least 400 years. However, the lack of a hydrogen shell in Type Ias gives rise to
faster expansion of its ejecta and a lower gas density. Any dust which can con-
dense in these conditions is expected to be dominated by very small grains which
are efficiently sputtered by hot gas in the reverse shock. Observations of the histor-
ical Type Ia SNRs Tycho and Kepler found a smaller dust mass than that predicted
by the Nozawa et al. (2011) model (Gomez et al., 2012a), suggesting either that
there is more efficient destruction or dust production is inhibited. The lack of cold
dust grains in the ejecta of these four Galactic Type Ia SNe therefore suggests that
if Type Ia remnants contain any ejecta dust, it is significantly less than that formed
in core-collapse explosions.

4.2.3 THE DISTRIBUTION OF DUSTY SNRS IN THE GALACTIC PLANE

Figure 4.21 shows the location of all of the SNRs studied within the Galactic
Plane with Herschel as part of the Hi-GAL survey. We find that the majority of the
SNRs with clear dust signatures (detection level = 1) are located towards the cen-
tral regions of the Galactic Plane in both longitude and latitude. This distribution
follows the number density of SNRs in general, which are concentrated towards
low latitudes and in the inner regions of the Galaxy (Figure 4.21, top panel).

The distribution of the ‘dust-detected’ sources in this work can be explained
due to our sample being dominated by the remnants of core-collapse SNe, which
make up the majority of SNRs in the Galaxy. Core-collapse remnants are observed
to be found at lower latitudes, closely linked to star forming regions concentrated
in the thin disc of the Galaxy (Hakobyan et al., 2016). Instead, Type Ia’s, which
constitute only a small fraction of our det=1 sample with known SN types, are
observed to lie at a wider range of latitudes, with Galactic scale heights of ∼ 2
times that of core-collapse remnants (Hakobyan et al., 2017) due to their association
with the older stellar population. We may therefore be biased against finding dust
in Type Ia SNRs in this work.

In order to interpret the distribution of dusty SNRs in the Galaxy, we need
to first note our selection effects. Although we start from a blind Herschel survey
of the sky with Hi-GAL, and as such the dust information is ‘complete’ within
b± 1◦, due to the high levels of confusion in the FIR we have to rely on the known
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locations of SNRs, where we have used the Green (2004) catalogue. Since this is
the fundamental selection effect for this work, here we briefly mention its com-
pleteness. Green (2015) comments that the Galactic SNR catalogue is likely miss-
ing intrinsically faint radio SNRs, SNRs where the physical size is small (diame-
ters < 1.5′), and more distant SNRs with smaller angular sizes, as well as many
sources having uncertain distances due to the use of the Σ − D relation4. There-
fore our sample will also suffer from the same selection effects. We note that our
det=1 sampled follows the same l, b distribution as their radio-bright SNR subsam-
ple with a surface brightness cut (see Figure 4.24) which they argue suffers from
fewer selection effects than the whole Galactic radio SNR catalogue. However, the
overlap between our detections and the bright SNR sample can be attributed to the
fact that we rely on the radio images (where available) to identify SN-related dust
features.

We include the historical dusty SNRs for reference in Figure 4.21. These lie
outside the inner Galactic Plane, and yet still have associated dust features (and
indeed a significant amount of ejecta dust). Again this implies that the detection
levels quoted here are likely lower limits, since there are ∼100 more SNRs in the
catalogue of Green (2014) not included in the region surveyed by Hi-GAL (Fig-
ure 4.21, top panel).

Our previous study covered 10 ≤ | l | ≤ 60◦. Although this study covers
the entire Galactic longitude range, the majority of additional sources are within
| l | ≤ 10◦. This region is heavily contaminated with ISM dust, resulting in a lower
detection rate in this study compared with our first look sample in Chapter 2. An
additional factor causing a lower detection rate in this Chapter compared to that
seen in Chapter 2 could be the lack of Spitzer data in some regions; in particular
Spitzer MIPS 24 µm has better spatial resolution than Herschel which helps to iden-
tify warm SN dust structures more confidently. In our study, the majority of the
SNRs are classified as ‘heavily confused’ in these regions. We remind the reader
that the requirement of ancillary X-ray, radio or optical data in order to identify SN
features against the surrounding ISM/CSM, and the non-uniformity of the avail-
ability and quality of this data may have further resulted in a bias in our Hi-GAL
Galactic Plane SNR sample.

In summary, we are more likely to detect dust in remnants where we have

4 The distance to Galactic SNRs can be estimated using the relation between its radio surface
brightness and its diameter, Σ ∝ Dβ, as larger SNRs tend to have a lower surface density. Dis-
tances estimated in this way are very uncertain as many environmental factors affect both the
surface density and the size of SNRs.
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Figure 4.24: A comparison of the location of the detected level 1 SNRs from this
work (green open circles) and the radio bright Milky Way SNR sample from Green
(2015), with radio brightness cut of (1 GHz) > 10−20 W m−2 Hz (grey). Some his-
torical SNRs are also shown.

good quality ancillary radio, X-ray, optical or Spitzer 24 µm images, that are located
at low galactic latitudes due to both the higher concentration of core-collapse SNRs
and bright radio SNRs in these regions, with PWNe due to the additional heating
source that raises the SN dust temperatures above the ambient ISM level (similarly
for shock heated dusty shells).

4.3 CONCLUSIONS

We searched for far-infrared (FIR) counterparts of known supernova rem-
nants (SNRs) in the entire Galactic Plane, as surveyed by Herschel at 70 – 500 µm,
to supplement the first-look catalogue of 71 SNRs studied in Chapter 2 (Chawner
et al., 2019). Of 119 sources studied here, we find that 10 (8 %) have a clear FIR de-
tection of dust associated with the SNR. When combined with our earlier work,
this gives a total of 39 FIR detected sources out of 190 known remnants with
| b | ≤ 1◦ across the entire Galactic Plane (a detection rate of 21 %): with dust

130



signatures detected in the remnants of 13 core-collapse supernovae (SNe), includ-
ing 4 Pulsar Wind Nebulae (PWNe), and 2 Type Ia SNe. A further 24 are detected
in sources with unknown types.

Additionally we have shown that:

• We tend to detect dust in younger SNRs although we widen the age range of
dusty remnants, detecting SNRs up to 102 kyr.

• We confirm the detection of ejecta dust within the core-collapse SNR G350.1−0.3,
as seen in Spitzer 24 µm and now Herschel 70µm images. This adds to a sam-
ple of only∼10 SNRs from which ejecta dust has been observed and indicates
that SNe can form dust grains from elements synthesised by the SN explo-
sion. We see no evidence of cooler dust in the ejecta nor dust located at the
location of the compact central object.

• We suggest that the dust features previously proposed to be related to the
G357.7+0.3 SNR (seen previously with Spitzer) are dust bubbles associated
with young star forming regions, and not with the SNR itself.

• We reveal dust emission from the centre of the SNR G351.2+0.1 and from
G357.7−0.1 (The Tornado). We will return to these sources in later Chapters.

• We observe dust structures in the Herschel images associated with the SNR
from two Type Ia SNe, doubling the previous sample size of SN-related dust
structures known in Type Ia SNRs. However, we find no evidence that there
is cool dust emission within these remnants associated with the ejecta. In-
stead the Herschel features are consistent with MIR dust discovered at 24 µm
and can be attributed to swept-up dust in the ISM or, are from unrelated
material along the line of sight.
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CHAPTER 5
PROPERTIES OF DUSTY SUPERNOVA REM-
NANTS

‘In physics, you don’t have to go around making
trouble for yourself - nature does it for you.’

FRANK WILCZEK

In Chapter 4 we assigned detection levels based on the FIR emission of
Galactic plane supernova remnants in the Hi-GAL survey. Here we look at some
of the properties of the dust emission detected in the level 1 SNRs, in particular,
focusing on the dust masses and dust temperatures. Dust heated by the PWN,
a reverse shock, or a forward shock in a supernova remnant should lead to dif-
ferences in dust temperatures compared to that in the surrounding interstellar
medium since shocks lead to high temperature electrons which can collisionally
heat dust grains (Dwek & Arendt, 1992). We will also investigate collisional heat-
ing as a source of the dust temperatures in the Level 1 dusty supernova remnants.
The work in this Chapter has been published in Chawner et al. (2020).

5.1 DUST PROPERTIES OF LEVEL 1 DETECTED GALAC-

TIC SUPERNOVA REMNANTS

We search for detection level 1 SNRs that are not in overly complex/crowded
regions of the Galactic Plane, and sources that have not previously been studied in
detail (this excludes G11.2−0.3, G21.5−0.9, G29.7−0.3 (see Chapter 3), G54.1+0.3
(Temim et al., 2017; Rho et al., 2018), and G357.7−0.1 (see Chapter 6). This leaves
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us with a total of 11 sources out of the 39 level 1 detected SNRs. We create tem-
perature maps of the dust in these SNRs (simulations of the temperature maps are
discussed in full in Section 5.1.3) after estimating the background flux using the
Nebuliser routine1, which subtracts medium to large scale variations in the back-
ground of astronomical images.

5.1.1 ACCOUNTING FOR CONTAMINATION FROM UNRELATED IN-

TERSTELLAR DUST IN THE LEVEL 1 SNRS

A large number of our level 1 detected sample are in complicated regions
of the ISM where there are large variations in the fore- and background intensity.
We minimise this issue by subtracting contamination from the ISM using the Neb-
uliser routine. Nebuliser estimates medium to large scale variations in the back-
ground which can be subtracted from our SNR regions to give a more accurate
background-subtracted map. In brief, the Nebuliser algorithm takes a square of
N by N pixels around a pixel and estimates the median of the intensities centred
on that pixel to estimate the background at that position. The background map
is smoothed using a box-car mean filter with box size chosen to be N/2 × N/2
(Irwin, 2010). The value of N used varies between 75 and 350, depending on fluc-
tuations in the background and size of the SNR, and in some cases we mask bright
sources to avoid overestimating the background. We will demonstrate later in Sec-
tion 5.1.3 that this approach can be used to accurately determine the properties of
SNR source-related structures.

5.1.2 FAR-INFRARED FLUXES FOR LEVEL 1 DETECTED REMNANTS

1 http://casu.ast.cam.ac.uk/surveys-projects/software-release/background-filtering
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SNR Flux (Jy)
70 µm 160 µm 250 µm 350 µm 500 µm

G8.3−0.0 1060 ± 76 1900 ± 135 884 ± 49 370 ± 21
G11.1+0.1 1250 ± 675 2940 ± 2550 2102 ± 1800 1010 ± 766 425 ± 298
G16.4−0.5∗ 2770 ± 1211 8910 ± 4054 6582 ± 1770 2960 ± 1140 1210 ± 321
G20.4+0.1∗ 980 ± 241 1510 ± 918 897 ± 607 378 ± 250 148 ± 95
G21.5−0.1∗ 491 ± 62 1050 ± 241 697 ± 164 303 ± 69 120 ± 27
G43.3−0.2 745 ± 61 284 ± 135 74 ± 114 21 ± 54 5 ± 23
G65.8−0.5∗ 76 ± 6 97 ± 20 22 ± 19 8 ± 10 2 ± 4
G67.8+0.5 107 ± 8 204 ± 21 101 ± 10 47 ± 5 18 ± 2
G310.8−0.4 1730 ± 594 2150 ± 1510 935 ± 1019 364 ± 449 162 ± 184
G340.6+0.3 221 ± 30 755 ± 118 507 ± 85 208 ± 37 80 ± 14
G349.7+0.2 588 ± 42 457 ± 33 159 ± 9 60 ± 4 20 ± 1

Table 5.1: The SNR flux is measured within the dashed white circle in Figure 5.5 from background subtracted maps convolved
to the resolution of the 500 µm Herschel map. In some cases point sources within the aperture are masked before measuring
the flux. Uncertainties are estimated from the standard deviation of the background map within the aperture and the Herschel
calibration uncertainty. ∗Sources which may be confused with a HII region (Anderson et al., 2017; Gao et al., 2019).
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After subtracting the medium-large scale background with Nebuliser (see
Figure 5.1) we estimate the FIR flux from each SNR in five Herschel wavebands. For
several of our sample there is some contamination remaining in the background-
subtracted maps as there is structure of a similar scale to the SNR which is difficult
to remove. In these cases we apply a secondary subtraction estimated from the
average level using an annulus. The fluxes for our 11 SNRs are shown in Table 5.1.

The uncertainty associated with the flux is estimated using a combination
of the Herschel calibration uncertainty, variation of the Nebuliser background map
within the aperture, and, where applicable, variation within the annulus used for
a secondary background subtraction. In these sources the contaminating ISM flux
may affect our estimates of the dust temperature, nevertheless, this effect will be
much reduced compared with temperatures estimated without any background
subtraction.

5.1.3 CAN WE USE NEBULISER BACKGROUND SUBTRACTED MAPS

TO ESTIMATE ROBUST TEMPERATURES?

Due to the location of the Galactic Plane SNRs, there is significant contami-
nation from foreground/background interstellar emission for most of our sample
and many of the sources (even the level 1 detections) are faint in comparison to
the surrounding or foreground/background ISM. As such, any dust temperatures
and dust masses derived could be significantly affected by this issue, more so than
in studies of SNRs in the Large Magellanic Cloud which is a face-on galaxy. This is
the biggest limitation when attempting to measure dust masses and temperatures
in a statistical sample of Galactic SNe.

We test the effect of this by simulating a dusty SNR for a bright and faint
case. Both simulated SNRs with varying temperatures have the same 70/160 colours,
but the former is chosen to be high signal-to-noise, well above the brightness of the
ISM (the simulated SNR has surface brightness levels of up to ∼ 9,000 MJy/sr and
∼ 3200 MJy/sr at 70 and 160 µm respectively compared with an average ISM value
of ∼ 390 and ∼ 1370 MJy/sr), and the latter is at a similar level to the brightness
of IS clouds seen at off-SNR points in our Hi-GAL maps (with 70 µm fluxes in the
SNR∼10 times fainter than the bright case). Our simulation consists of a SNR with
an outer shell of dust with temperature 65 K (to simulate dust heated in forward
shock regions e.g. Cas A (Rho et al., 2008)) and two cooler components of ejecta
dust (at 25 K and 37 K) to simulate cooler ejecta dust similar to the observed PWNe
remnants (Chawner et al., 2019) and a Cassiopeia A-like SNR (Barlow et al., 2010;
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Figure 5.1: Postage stamps illustrating the background subtraction using Nebu-
liser for 70 µm (left) and 160 µm (right). In rows of three: top: original image with-
out the background subtracted, middle: background estimated by Nebuliser, and
bottom: background subtracted image. The SNR name is given in the top-left of the
70 µm non-background subtracted image.
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Figure 5.1: - continued.
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De Looze et al., 2017).

We recover the input temperatures from the simulated SNR perfectly using
the equation:

F70

F160
=

(
λ160

λ70

)β+3 exp
(

hc
λ160kT

)
− 1

exp
(

hc
λ70kT

)
− 1

, (5.1)

where F70 and F160 are the flux densities at 70 and 160 µm, λ is the wave-
length, h is the Planck constant, c if the speed of light, k is the Boltzmann constant,
and T is the dust temperature.

The simulated source is then placed onto a region of the Hi-GAL survey at
α = 18h07m58s, δ = −19◦27′16′′ (l = 10.7537, b = 0.364) as shown in the top panels
of Figure 5.2, this region is chosen as there is a large variation in the background
level, as is the case for several of our level 1 detected SNRs. Equation 5.1 is then
used to create the dust temperature map. We see that the output dust tempera-
tures are significantly biased towards lower temperatures than the input simula-
tion. Across the map, the dust temperatures are lower by 5− 15 K compared to
the simulated source, simply as a result of placing the simulated SNR onto a re-
gion with background interstellar emission. This situation is further compounded
if we take the fainter simulated SNR (which is much more comparable to our real
detection level 1 sources). Here the output temperatures range from 20 – 30 K com-
pared to the input 20 – 65 K, with an offset of 30 K in the shell. For the faint source
simulation, we also see more variation in the output shell temperatures compared
to the bright source. It is clear that for fainter dusty SNRs, the ISM contamination
affects the output dust temperatures by significant amounts (and ultimately could
lead to orders of magnitude errors in any estimate of the dust mass, depending on
the dust size and composition).

To address this we test the effects of attempting to remove the background
level and re-derive the temperatures using Equation 5.1 on the background sub-
tracted 70 – 160 µm simulated images. The background level for the simulated SNR
is estimated, and then subtracted, using the Nebuliser routine2 from the CASU-
Tools suite. Nebuliser takes a region around the SNR to model large scale varia-
tions in the ISM level and then subtracts this to return a map with a zero average.
We use Nebuliser as it allows us to model variations in the ISM level, rather than
assuming a constant level which does not accurately represent the entire region.

2 http://casu.ast.cam.ac.uk/surveys-projects/software-release/background-filtering

139

http://casu.ast.cam.ac.uk/surveys-projects/software-release/background-filtering


25
00

50
00

75
00

10
00

20
00

30
0

40
0

50
0

10
00

15
00

0
50

00 0
50

0
10

00

Flux density, MJy/sr

50
0

10
00

10
00

20
00

30
0

40
0

50
0

10
00

15
00

0
50

0 0
20

0

Flux density, MJy/sr

Figure 5.2: Background subtraction using the Nebuliser routine applied to the
bright simulated source (left) and the less bright case (right). Top: images prior
to background subtraction, middle: background estimated by Nebuliser, and bot-
tom: background subtracted image.
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Figure 5.3: Temperatures within the simulated source in the case of a bright sim-
ulated source (top) and a less bright source (bottom). In both cases we find a dis-
tribution which is much more similar to the input when we apply a background
subtraction.

Nebuliser is applied to the 70 and 160 µm images for our simulated SNR, produc-
ing the image shown in Figure 5.2, and Equation 5.1 is then used on the Nebuliser
subtracted 70 and 160 µm maps.

For our bright SNR we find that the output temperature map after back-
ground subtraction accurately recovers the majority of the input temperatures across
the full range of the simulated data (see Figure 5.3). An improvement is also seen
for the fainter simulated SNR as we are able to identify both warm and cool dust
where before we were limited to a very narrow range of cool temperatures. The re-
sulting temperature distribution after background subtraction is wider compared
with the input temperatures, as the contamination of the ISM dust in the pixels at a
similar brightness level to the simulated SNR has led to a smearing out of the dust
temperatures. We also see that for the faint case, the output temperature map is
more sensitive to Nebuliser’s modeling of large scale variations in the ISM, there
are more small scale features in the output map than in the original simulation.
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Many of our level 1 detected SNRs are in crowded fields and are close to
or interacting with unrelated structures such as HII regions. We cannot subtract
these using Nebuliser without also losing information about the SNR and our re-
sultant temperature maps are sensitive to some contamination from such sources.
This difficulty is aggravated as the ISM is bright at Herschel wavelengths, espe-
cially 160 – 500 µm, making some SNRs difficult to distinguish in any other than
the 70 µm waveband. Consequently, we find that the Nebuliser background sub-
traction at 160 µm is too harsh in some regions, although this effect is much re-
duced compared with for example, if we were to simply subtract a constant value
across the entire region.

5.1.3.1 TESTING G8.3-0.0

An example of the temperature maps derived for the SNR G8.3−0.0 before
and after background subtraction is shown in Figure 5.4 to illustrate the signifi-
cant effect of the dust temperature (thus leading to an overestimation of the dust
mass) if the background level is not properly accounted for. Before the background
level is subtracted, only a narrow range of dust temperatures are seen in the SNR
(Td < 26 K), whereas after subtraction dust is seen at 26 < Td < 30 K. See also the
recent reductions of the proposed SN dust mass in the Crab Nebula due to more so-
phisticated measures of the background level (Nehmé et al., 2019; De Looze et al.,
2019). We attempt to interpret the dust temperatures in Section 5.3.

We note that the Nebuliser routine used to subtract the background finds
medium to large ISM variations, but may not subtract smaller scale complicated
structure. Therefore, there may be some contamination remaining, which could act
to artificially reduce the temperature of the dust believed to be associated with the
SNR. For two sources (G43.3−0.2 and G349.7−0.2) we find lower dust tempera-
tures than Koo et al. (2016) derived using the 24 – 70 µm flux ratio, this may be due
to differences in the methods of analysis and/or line contamination in the 24 µm
waveband. Conversely, in some regions the background may be over-subtracted
where there are small scale variations, this seems to be more of an issue for the
160 µm images and this leads to hot artefacts in the maps. Next we will investigate
how well we can determine dust temperatures in crowded interstellar regions, as
well as attempt to quantify the effect that not correcting appropriately for the back-
ground can have on resultant SNR dust temperatures and masses.
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Figure 5.4: Left: Dust temperature map of the level 1 detected SNR G8.3−0.0 (Fig-
ure 4.3), derived using Equation 5.1 without background subtraction. Right: Dust
temperature map derived after using Nebuliser to subtract the background. The
Herschel images used to create the right-hand figure have been convolved to the
250 µm resolution to improve the signal. We are clearly able to identify a wider
range of temperatures after applying Nebuliser background subtraction. The large
and small gold circles indicate the locations of an IR bubble and a maser respec-
tively.

5.1.4 TEMPERATURE MAPS OF DUST IN MILKY WAY SNRS

The three colour images created out of the Herschel images shown in Sec-
tion 4.1.2 and Figure B.1 reveal dusty structures and features that appear to be
associated with other known SNR tracers e.g. radio, X-ray or optical emission (i.e.
det = 1) or potentially related to the SN (i.e. det = 2). The colour of the dust emis-
sion in these images is, in effect, tracing the dust temperature in the environs of
the SNR, however the colour scales chosen earlier are arbitrary, selected only to
highlight dusty features. Here we attempt to investigate the temperature of SNR-
related dust and potential heating sources using the FIR flux ratio (70 µm / 160 µm)
seen by Herschel for the detected level 1 sources (following similar studies that
used 24 µm / 70 µm flux ratios, Sankrit et al., 2010; Williams et al., 2011; Pinheiro
Goncalves et al., 2011; Lakićević et al., 2015; Temim et al., 2015; Koo et al., 2016).
We select this colour ratio as this should be sensitive to dust emission from grains
at temperatures of∼ 15 – 70K. It should also be less affected by contamination from
ionic line emission, which can account for a non-negligible proportion of the 24 µm
flux (e.g. Koo et al., 2016; De Looze et al., 2019) and less affected by unrelated point
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sources seen in 24 µm images. However, this ratio, and particularly the 160 µm
band, may be affected by confusion with unrelated interstellar dust and line emis-
sion ([CII] 158 µm). The temperature maps are derived using the 70 and 160 µm
Nebuliser subtracted maps and assuming a single temperature dust component
with power law dust opacity index β = 1.9 (see C19 for more details) using equa-
tion 5.1.

We present the dust temperature maps in Figure 5.5 with individual notes
discussing the map for each SNR below. We compare the dust temperature maps
with multi-waveband images (by eye) to identify the source of elevated dust tem-
peratures, which can be an indicator of heating sources such as ISM – SNR interac-
tions. Because of the arbitrary colour scaling used in creating Herschel false colour
images, some warm dust features may not be evident in those (Chapter 4 and Fig-
ure B.1), but may be revealed here.

G8.3−0.0: Broad molecular emission (12CO), flattened radio contours, a
possible OH maser, and a gamma-ray source all suggest interaction with molec-
ular cloud to the north-west (Higashi et al., 2008; Kilpatrick et al., 2016). We detect
warm dust between∼ 27 and 33 K at the same location of the broad molecular lines
observed by Kilpatrick et al. (2016) (their Figure 5) where it is expected that there
is a SNR-MC interaction, suggesting that this is heating the dust in this region.

G11.1+0.1: We find evidence of warm dust (∼ 24 – 30 K) in the region of this
SNR and dust within the magenta circle in Figure 5.5 to the north is found within
the radio contours. The warmest material, towards the south, does not correlate
with the radio structure.

G16.4−0.5: There is warm dust (∼ 23 – 28 K), the warmest of which is offset
to the north-east of the 70 µm bright region, indicated by the magenta circle in
Figure 5.5. The warm dust is in a similar location to radio structure although its
morphology differs making it difficult to determine if the origin of the two is the
same.

We do not see evidence that the Herschel shell around the south and western
extent of the SNR has any variation in temperature compared with unrelated dust
in the region.

G20.4+0.1: We find some warm dust (∼ 25 – 27 K) that correlates with the
radio structure, although the majority of the warm material has a different struc-
ture or is found outside of the radio contours. Anderson et al. (2011) suggested
that this source may be a HII region (G20.479+0.165, Lockman, 1989).
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Figure 5.5: Dust temperature maps of our subset of detected level 1 sources de-
rived using Equation 5.1. The images have been convolved to 6 arcsec to improve
the signal. VLA GPS 20 cm contours (white) are overlaid onto images of G8.3−0.0,
G11.1+0.1, G16.4−0.5, G20.4+0.1, G21.5−0.1, and G43.3−0.2. NVSS 1.4 GHz
contours (white) are overlaid onto images of G65.8−0.5 and G67.8+0.5. MOST
843 GHz contours (white) are overlaid onto images of G310.8−0.4 and G340.6+0.3.
Chandra contours (cyan) are overlaid onto the images of G43.3−0.2, G340.6+0.3,
and G349.7+0.2. In some cases over-subtraction of the 160 µm background intro-
duces hot artefacts at the edges of masked areas.
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G21.5−0.1: There is evidence of warm dust (∼ 23 – 30 K) in this SNR al-
though it does not seem to correlate with the radio structure, as shown in Fig-
ure 5.5. The warmest region within the radio contours is found in the central re-
gion, in a gap in the 160 µm structure. There is also warm dust at the edge of the
south-eastern radio contours which may be swept up or shock-heated material if
it is associated with the SNR.

W49B, G43.3−0.2: Numerous studies of CO, HI, shocked H2, and MIR
emission indicate that this SNR is interacting with molecular clouds (Reach et al.,
2006; Zhu et al., 2014; Kilpatrick et al., 2016), although this is not completely clear
as opposing studies find a lack of evidence for molecular material around the SNR
(Lacey et al., 2001; Ranasinghe & Leahy, 2018b).

Our analysis supports the argument that there is some interaction as we
detect warm dust (up to ∼ 36 K) which coincides with the expected location of
interactions to the east and south-west.

We also detect warm (∼ 29 – 32 K) dust from a filament at α = 19h11m07s, δ =

+09◦07′01′′ from which MIR colours suggest line emission from ionic shocks (Reach
et al., 2006).

G65.8−0.5: We find evidence of warm dust (∼ 24 – 32 K) towards the east of
the remnant, at the location of the H α structure discussed in Section 4.1.2. Herschel
160 – 500 µm emission was detected from a structure towards the radio centre of
the SNR in Section 4.1.2, this region has temperatures between ∼ 20 and 22 K.

G67.8+0.5: There is some evidence of anti-correlation between the radio
contours and the dust temperatures. A warm (∼ 38 K) region of dust lies in the
region between two radio peaks towards the west of the remnant, as shown by
the contours in Figure 5.5. There is also a peak of warm dust near the centre of
the SNR which is located in a gap in the brightest radio structure. The origin
of the warm dust is unclear as there are limited observations of this source. If
the material is associated with the SNR it could be warm ejecta material, reverse-
shocked material, or evidence of dust destruction.

We do not see evidence of warm dust at the location of optical emission to
the west, where there is a potential bow shock (Sabin et al., 2013).

Kes 20A, G310.8−0.4: Spitzer Infrared Spectrograph (IRS) observations to
the south-east suggest that this SNR has a relatively low velocity shock (∼ 35 −
70km s−1) into a low-density medium (∼ 103 cm−3) and has a distribution of dust
grains that indicates shattering of grains in the shock (Andersen et al., 2011). We
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do not see evidence for dust in the south-east region that is significantly warmer
that the surrounding ISM. The warmest dust identified in this source is towards
the north, at the location of FIR and radio structure. If this warm dust is associated
with the SNR the correlation with radio could indicate shock-heated dust in this
region.

G340.6+0.3: Elemental abundances indicate that ejecta dominates the X-
ray bright northern shell, whereas the emission in the south is from shocked ISM
(Mangano et al., 2014). We find evidence of warm dust (∼ 25 – 30 K) in the northern
arc with a peak in the north-east, slightly offset from the X-ray contours, which
may be warm ejecta dust. There is also warm dust in the south in a region of
bright X-ray emission, although the warmest dust in this area is offset from the
brightest X-ray structures. Because of the coincidence we expect that the warm
dust is also shocked ISM.

G349.7+0.2: There is evidence from OH (1720 MHz) masers (Frail et al.,
1996) (see the yellow diamonds in Figure 5.5) and line emission (Reynoso & Mangum,
2000; Lazendic et al., 2010) that this SNR is interacting with a coincident molecular
cloud (Dubner et al., 2004). Although there is bright Herschel emission towards the
central interacting region, our analysis suggests that the warmest dust is offset to
the east.

The SNR is expanding at∼ 710 km s−1 (Lazendic et al., 2005) into a medium
with a density gradient, where the density is relatively low towards the west and
higher towards the east. Corresponding to this gradient, we find warmer material
in the eastern region where the SNR is dominated by swept-up medium (Lazendic
et al., 2005), whereas towards the west we do not see evidence for SNR material
that is noticeably warmer than the surrounding ISM. It is likely that the warm dust
in the east of the remnant is swept-up material.

5.1.5 DUST MASSES AND DUST MASS MAPS

Next we determine dust masses for the SNRs from this sample for which
there are estimated distances in the literature. Table 5.1 shows that, even for our
clearest detections, the SPIRE fluxes for our SNRs are very uncertain and we cannot
confidently use these fluxes to estimate a dust mass via modified blackbody fits to
the IR-submillimetre SED for these sources. Nevertheless, all of our level 1 sources
are detected at 70 µm, we therefore use these maps combined with the temperature
information in Figure 5.5 to estimate the dust mass within each source, giving the
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Figure 5.6: Dust mass maps for our subset of detected level 1 sources, derived us-
ing the background subtracted 70 µm flux and the temperature maps in Figure 5.5.
The estimated dust mass for each SNR, as given in Table 5.2, is estimated from
within the white circle for all pixels which have a 70 µm flux above a threshold
level, after masking unrelated sources (shown by the gold circles).
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SNR Distance (kpc) Dust Mass (M�) Refs
G8.3−0.0 16.4 340 1
G11.1+0.1
G16.4−0.5∗

G20.4+0.1∗ 7.8 136 2
G21.5−0.1∗

G43.3−0.2 11.3 21.7 3
G65.8−0.5∗ 2.4 0.2 4
G67.8+0.5
G310.8−0.4
G340.6+0.3 15 138 5
G349.7+0.2 11.5 22.5 6

Table 5.2: ∗Sources which may be confused with a HII region (Anderson et al.,
2017; Gao et al., 2019). Distance references: 1 – Kilpatrick et al. (2016), 2 – Ranasinghe
& Leahy (2018a), 3 – Ranasinghe & Leahy (2018b), 4 – Shan et al. (2018), 5 – Kothes &
Dougherty (2007), 6 – Tian & Leahy (2014).

dust maps in Figure 5.6. When estimating the mass from these sources there are
two issues to resolve. First, there are large areas within the SNR with relatively
small dust mass which, when summed, contribute a large mass to our final esti-
mate. Second, in the case of G43.3−0.2 there is a region to the north of the SNR
which has a low temperature (Figure 5.5) because of low 70 µm emission in this
region (relative to the 160 µm flux), resulting in a large dust mass. To overcome
both issues we set a 1.5 σ threshold on the 70 µm background subtracted flux, be-
low which pixels are excluded from our dust mass estimate (lower flux thresholds
are required for G43.3−0.2 and G340.6+0.3). Using the white apertures shown in
Figure 5.6 we find the dust masses given in Table 5.2.

We estimate unexpectedly large dust masses for 3 of our SNRs (G8.3−0.0,
G20.4+0.1, and G340.6+0.3). In two of these cases the estimated distance is ex-
tremely large; if this is overestimated it will increase our dust mass, i.e. increasing
the estimated distance by a factor of 2 would increase the estimated dust mass by
a factor of 4. However, we also note that closer remnants will have interacted with
a smaller volume of the ISM, and consequently would have conversely swept up
less dust mass as their shock front moves out. It is therefore likely that there is
another factor contributing to this issue. As discussed previously, our images are
highly confused and, despite careful background subtraction, there may still be
contaminating ISM which acts to reduce the estimated temperatures in Figure 5.5.
In the case of G8.3−0.0, increasing the temperature of each pixel by 2 K or 10 K
reduces our dust mass from 340 M� to ∼ 190 or 35 M�. Evidently, our dust mass
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estimates are highly sensitive to small changes in the temperature and we expect
that our results are greatly dependent on contaminating ISM.

Previous IRAS surveys by Arendt (1989) and Saken et al. (1992) estimated
dust masses for W49B (G43.3−0.2) of 127.7 and 500 M� and for G349.7+0.2 of
< 25.1 and 4900 M�, which are considerably larger than those that we estimate
(although we are consistent with the G349.7+0.2 mass estimated by Arendt, 1989).
It is clear that background subtraction is crucial in deriving accurate dust masses
and even small variations in the method of subtraction can give vastly different
results. With the higher angular resolution of Herschel compared with IRAS we
make drastic improvements in reducing the ISM contamination.

5.2 THE NATURE OF THE CENTRE OF G351.2+0.1

In the previous Sections, we did not produce a dust temperature and mass
map for the SNR G351.2+0.1 due to the large gradient in interstellar dust seen
in the immediate vicinity of the SNR shell (Figure 4.14). However the inner cen-
tral/radio bright region where we discovered dust emission is observed at high
signal-noise in all of the Herschel bands. This potentially indicates the discovery
of FIR emission coincident with a possible Crab-like compact object. To determine
the nature of this emission across the NIR – radio regime and because of its bright-
ness in all bands, for this source, we create a spectral energy distribution (SED) of
the centre. We note that we can fit an SED for this source, as the emission in all of
the Herschel bands observed at the location of the central radio core appear to be
associated with the same source.

Photometry of the compact source from 3.6 – 350 µm (Figure 4.14) was de-
rived using a circular aperture with diameter 1.09 ′ centred at α = 17h22m24.8s, δ =

−36◦11′06′′. In order to minimize the effect of the second dust source just to the
east of the radio core (the red ‘blob’ in the bottom right panel of Figure 4.14),
the background emission was derived using an annulus centred at the same co-
ordinate with diameter 2.84 ′ and width 1.00 ′. Numerous point sources in the
Spitzer bands were masked out and corrections were applied to the IRAC bands to
account for the extended diffuse emission seen in the images following the instruc-
tions in the Spitzer IRAC handbook3. The Spitzer IRAC fluxes were dereddened
following the reddening law of Indebetouw et al. (2005) where AKS = 2.5 mag4.

3 https://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/iracinstrumenthandbook/29/
4 https://irsa.ipac.caltech.edu/workspace/TMP_wYHAkz_6484/DUST/17_22_27_-36_11_00.

v0001/extinction.html
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NIR - FIR Radio
Wavelength Flux Frequency Flux

µm Jy GHz Jy
3.6 0.143 ± 0.022 15 0.0124 ± 0.0002
4.5 0.095 ± 0.014 5 0.0090 ± 0.0003
5.8 0.579 ± 0.087 1.5 0.0064 ± 0.0010
8.0 1.59 ± 0.24
24 1.16 ± 0.04
70 27.0 ± 2.7

160 20.3 ± 2.5
250 4.47 ± 2.63
350 < 6

Table 5.3: Background subtracted flux measurements for the compact source at the
centre of G351.2+0.1. The 350 µmflux is a 3 σ upper limit. IRAC fluxes have been
dereddened (Indebetouw et al., 2005) and point sources in the Spitzer IRAC and
MIPS 24 µm images were masked out.

Errors in the fluxes were determined by combining calibration errors with the error
determined in the background level. The photometry is listed in Table 5.3 along-
side the VLA photometry from Becker & Helfand (1988), and the spectral energy
distribution (SED) is shown in Figure 5.7. The synchrotron power law for the com-
pact radio core is shown with slope +0.27 (Becker & Helfand, 1988). As described
in Chapter 3, we fit the SED with two modified blackbodies to derive a cool dust
temperature and a dust mass. We have assumed that the dust emissivity index β is
kept constant at a value of 1.9. We find a best-fit (χ-squared) model with temper-
ature 45.8 K (see also Figure 5.5) and dust mass 0.18 M�(d/11 kpc)2 (assuming a
distance of 11 kpc from Dubner et al., 1993). We also run a monte carlo analysis by
perturbing the observed fluxes within their uncertainties 1000 times and refitting
the SEDs. The median SED fit from this analysis produces a cold dust component
with Td = 31.9± 1.5 K and Md = 1.1 ± 0.3 M�(d/11 kpc)2, and a hot dust com-
ponent with Td = 242.1± 6.8 K and Md = (3.9 ± 0.4) × 10−6 M�(d/11 kpc)2.

One potential issue is whether the compact source is a HII region instead of
a SNR. Although the dust temperature we derive is hotter than the average values
observed in HII regions (typically 15 – 30 K, Anderson et al., 2012a), we note that
some HII regions have observed dust temperatures up to 40 K (Povich et al., 2007;
Anderson et al., 2012b). We next compare NIR – radio colours with those observed
in HII regions since different emission mechanisms should result in different pre-
dicted colours in the NIR – FIR and FIR-radio. Reach et al. (2006) suggests that
the Spitzer IRAC colours (3.8 – 8 µm) can be used as a diagnostic between SNRs,
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Figure 5.7: Spectral energy distibution of G351.2+0.1 from NIR-radio wavelengths.
Fluxes are listed in Table 5.3. The synchrotron emission assuming a power law
slope of +0.27 (Becker & Helfand, 1988) extrapolating from the VLA radio fluxes
of the compact core is shown by the solid (blue) line. The best-fit (χ2) hot and cool
modified blackbody fits to the photometry are shown by the dot-dashed curves
(magenta) and the combination of all emission sources is shown in the solid (grey)
curve. The dotted (green) curve is the resultant median modified blackbody fit
from 1000 SEDs derived by normally distributing the original observed fluxes
within their errors.

the ISM (HII regions or their associated photodissociation regions, PDRs), shocked
molecular gas or ionised gas as well as synchrotron sources. Spitzer and Herschel
studies of HII regions suggest NIR – FIR colour plots can also be used as a diagnos-
tic for their identification (Pinheiro Goncalves et al., 2011; Anderson et al., 2012a,b;
Paladini et al., 2012). Similarly, the 8 µm and 843 MHz ratios can offer an alter-
native diagnostic (Cohen et al., 2007). Next we test whether the fluxes derived
for G351.2+0.1 can reveal whether we are observing dust from an unrelated HII

region or a SNR.

Table 5.4 shows various colours predicted or observed in HII regions in
comparison to those measured for G351.2+0.1. At face value, the IR and radio
colours show this source is entirely consistent with interstellar material. However
there are some caveats with this. Although the IRAC colours for this source are
consistent with the ISM regions in Reach et al. (2005a) (see also Table 5.4), they
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are similar to that observed in the PWNe G21.5−0.9 (Zajczyk et al., 2012). Com-
paring with the log (F8/F24) versus log (F70/F24) colour plot of Pinheiro Goncalves
et al. (2011) (their Figure 3), G351.2+0.1 lies along the slope of colours observed in
Galactic SNRs, consistent with dust emission with a colour temperature (T24/70) of
∼ 45 K for β = 2, and well above the different trend line observed for HII regions.
Although the colours are consistent with the narrow range of observed IR – FIR
values found in HII regions (Paladini et al., 2012), these overlap considerably with
observed values for SNRs which are observed to have much wider range of colours
due to the variety of morphologies, ages, emission mechanisms in the latter. Com-
paring with colours for other known dusty PWNe e.g. G54.1+0.3 and the Crab
Nebula (see Table 5.4), although G54.1 satisfies none of the HII diagnostic tests,
the Crab does satisfy some. It is not clear how the presence of ejecta dust in SNe
would affect these tests, and whether, given the wide range of properties of SNRs,
it is even possible to use colours to distinguish between source types. We conclude
therefore that we cannot rule out that the dust observed in the centre of G351.2 is
unrelated interstellar material, but nor can we rule out a SN ejecta origin.
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Colour Test HII region test G351.2+0.1 G54.1+0.3 Crab
Value Consistent with HII? Value HII? Value HII?

3.6
8 |

4.5
8 |

5.8
8 |I8

a 0.04|0.05|0.35|1 0.09|0.06|0.36|1 X .. .. .. ..

log (F160/F24)
b > 0.8 1.24 X 0.10 × 0.45 ×

log (F160/F70)
b > −0.2 −0.12 X −0.5 × −0.12 X

log (F70/F24)
b > 0.8 1.37 X 0.6 × 0.58 ×

log (F24/F8)
b < 1.0 −0.14 X 1.59 × 0.52 X

log (F24/F70)
c −1.5 to −1.0 −1.37 X −0.58 × −0.12 ×

F8/S843 MHz
d 27± 10 282 ? 1.4 × 0.02 ×

Table 5.4: Summary of the various colour tests to resolve whether the dust source associated with the radio source observed
in G351.2+0.1 originates from a HII region or a SNR. Unless specified, all the subscripts refer to the wavelength in microns.
References are a - Reach et al. (2006), b - Anderson et al. (2012a), c - Paladini et al. (2012), d - Cohen et al. (2007). Also shown
are the results of the same tests for the PWNe G54.1+0.3 (fluxes are taken from Temim et al. 2017 and Rho et al. 2018) and the
Crab Nebula (from De Looze et al., 2019).
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5.3 INTERPRETING THE SNR DUST TEMPERATURES: IS

WARM DUST IN SNRS COLLISIONALLY HEATED?

In Section 5.1.4 we identified warm dust in shocked regions of X-ray and
radio emission, suggesting that these interactions are heating this material. We
compare models of shock heating to determine the gas properties required to heat
the dust to the temperatures seen in Figure 5.5. In the case of collisional dust heat-
ing, the dust temperature in X-ray emitting plasmas can be given by the following
expression for Td . 70 K (Dwek et al., 1987, see also Section 1.3.4):

T4
d =

( 32
πme

)0.5ne(kTgas)1.5h(a, Tgas)

4σ < Q(a, Td) >
(5.2)

where ne is the electron density, a is the grain radius, Tgas is the gas temper-
ature (K), h(a, Tgas) is the grain heating efficiency (∼ 1 for most grain sizes), < Q >

is the Planck averaged dust absorption coefficient and we assume < Q(a, Td) >=

0.16aT1.94
d for graphite and silicates (Dwek & Arendt, 1992). As indicated by Dwek

et al. (1987) the dust temperature provides useful constraints on the allowable com-
binations of gas density and temperature behind the shock.

In Figure 5.8 we consider 3 cases of electron density similar to that ob-
served in shocked regions of core collapse SNRs (e.g. for Cas A ne = 16 cm−3

and ne = 61 cm−3 in the hot and cold components respectively, Willingale et al.,
2003), and one case of a typical molecular cloud density (ne ∼ 1000 cm−3). If
the SNR dust in Figure 5.5 is collisionally heated we can rule out small grains
(a . 0.1 µm) for all densities other than 1 cm−3. This would require unexpectedly
cool electron gas to give the range of dust temperatures observed in our Herschel
analysis (∼ 25 − 40 K) where X-ray measurements suggest that typical shocked
gas (or electron) temperatures are & 106 K (e.g. Koo et al., 2016). For our lowest
density (ne = 1 cm−3) the full range of SNR temperatures is available to us with
grains of radius 0.5, 1.0, or 5.0 µm at reasonable gas temperatures of Tg > 106 K.
Smaller grains could provide the observed results, although this is less likely as
the gas temperature would be lower than expected for shocked gas. For the dens-
est region we find that the surrounding gas must be cool (Tg . 105 K) and we
must have relatively large dust grains (a > 1 µm): it is unlikely that this describes
our SNRs. It is possible that these emitting dust grains are located in post-shock
regions.
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Figure 5.8: The variation of the temperature of collisionally heated dust given by
Equation 5.2 assuming a range of electron densities appropriate for forward shock
regions and molecular clouds. The composition of the grains is assumed to be
graphite and silicate. The white region between the dashed magenta lines gives
the range of temperatures observed in our SNRs in Figure 5.5. The solid purple
line is at 70 K, above which this relation for collisional heating no longer applies
(hence the lines end at Td = 70 K).

5.4 CONCLUSIONS

The main conclusions of this Chapter are:

• We identify warm dust in several SNRs with temperatures between∼ 25 and
40 K which, if collisionally heated, indicates that there must be relatively cool
shocked plasma, or the dust must be made up of large grains (a > 1 µm).
However we caution that there could still be contamination in our apertures
with unrelated dust along the line of sight, which we have shown could result
in dust temperatures that are biased low. We see that the largest source of
uncertainty in a FIR catalogue of SNRs is the result of significant confusion
with unrelated dust in the Milky Way.

• We estimate that 6 of our sample contain considerable masses of dust, al-
though ISM contamination may bias our dust masses high.
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• The FIR emission seen at the centre of G351.2+0.1 in Chapter 4 can be ex-
plained by a PWN origin (though we cannot conclusively rule out a HII

region). We estimate a dust temperature and dust mass for G351.2+0.1 of
45.8 K and Md = 0.18 M�.
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CHAPTER 6
A GALACTIC DUST DEVIL: THE TOR-
NADO

‘There’s something here that doesn’t make sense.
Let’s go and poke it with a stick.’

THE 11TH DOCTOR – DOCTOR WHO

In Chapter 4 we reported the detection of FIR emission from dust in the can-
didate supernova remnant, G357.7−0.1 (the Tornado). Here we further explore the
dust content and distribution in the Tornado using Point Process Mapping PPMAP

(see Chapters 1 and 3), at 8′′ resolution compared to the native telescope beams of
5− 36′′.

6.1 INTRODUCTION

Known as ‘the Tornado’, G357.7−0.1 (MSH 17-39) is an unusual SNR can-
didate at a distance of 11.8 kpc (Frail et al., 1996), comprising a ‘head’, ‘tail’, and
‘eye’ (Fig. 6.1). The head appears as a shell- or ring-like feature in the radio (Shaver
et al., 1985), and a ‘smudge’ or diffuse clump with a southern peak in the X-ray,
with Suzaku (Sawada et al., 2011) and Chandra (see Fig. 6.2 of Gaensler et al., 2003)
respectively. A larger extended radio shell/filamentary structure exists around the
head, with an elongated tail. Finally, a compact and bright radio source seen to the
west of the head at α = 17h40m05.9s, δ = −30◦59′00′′ (J2000) is the so-called eye
of the Tornado, which is an isolated core embedded in a foreground HII region
(Brogan & Goss, 2003; Burton et al., 2004), unrelated to the SNR structure.
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head
eye
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Figure 6.1: 1.4 GHz VLA continuum image of the Tornado (Brogan & Goss, 2003).
The tail, head, and eye are indicated, as well as the X-ray ‘twin’ of the head, de-
tected by Sawada et al. (2011). Like Gaensler et al. (2003), we define the head as
the region from which both X-ray and radio emission are strongly detected. The
gold diamond indicates the location of an OH (1720 MHz) maser.

Its highly unusual structure has led to various origin theories for the Tor-
nado. From early days, the head of the Tornado has been attributed to a SNR with
its radio power law index following synchrotron emission, its non-thermal radio
emission, and its strong polarisation (e.g. Milne, 1979; Shaver et al., 1985; Becker &
Helfand, 1985b), and later its X-ray emission power-law index (Yusef-Zadeh et al.,
2003; Gaensler et al., 2003). These properties led Gaensler et al. (2003) to propose
that the Tornado is a shell or mixed morphology SNR, as described by Rho & Petre
(1998). The radio head of the Tornado (which is brightest in the south-west part
of the ‘shell’ with a peak in the north-west) can be attributed to limb brightened
emission due to the interaction with a molecular cloud (Gaensler et al., 2003). In-
deed, shocked H2 gas detected along the north-western edge of the head (Lazendic
et al., 2004) and the presence of multiple OH masers (Frail et al., 1996; Hewitt et al.,
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2008) both support this scenario. Unshocked CO emission is found from a cloud
to the north-west slightly offset from shocked H2, suggesting that there is a dense
molecular cloud (nH ∼ 104− 106 cm−3) which could decelerate the shock wave on
this side (Lazendic et al., 2004). However, it is difficult to explain the shape of the
large filamentary structures in the tail (Fig. 6.2) with a mixed morphology SNR. In
this scenario, the X-ray emission from the head (detected with Chandra) originates
from the SNR interior, i.e. interior to the limb brightened radio shell (Gaensler
et al., 2003). Outside the head region, Shaver et al. (1985) suggests that the partial
helical/cylindrical radio filaments could be the result of an equatorial supernova
outburst, or the SN exploded at the edge of dense circumstellar shell (Gaensler
et al., 2003) or a pre-existing spiral magnetic field structure (Stewart et al., 1994).

Another explanation is that the helical tail is a structure originating from
the jets of an X-ray binary, as seen in the SNR W50 (Shaver et al., 1985; Helfand
& Becker, 1985; Stewart et al., 1994). In that system, over the course of 20 kyr and
several episodes of activity, precessing relativistic jets of the X-ray binary SS443
have shaped the SNR within which it is found (e.g. Begelman et al., 1980; Goodall
et al., 2011). This has resulted in a huge nebula (208 pc across) which has a circular
radio shell (with a 45 pc radius) from the expanding SNR, and lobes extending to
121.5 and 86.5 pc to the east and west respectively formed by outflows. Radio ob-
servations of the Tornado show some symmetry, with flared ends and a narrower
central region (Caswell et al., 1989), and Sawada et al. (2011) suggested the pres-
ence of an X-ray ‘twin’ to the head at the far end. This has lead to the theory that
the Tornado is an X-ray binary, with a powering source near to the centre of the
radio structure, and bipolar jets which interact with ISM at either end, forming the
head and its ‘twin’.

However, a compact object powering the Tornado system has not yet been
detected (Gaensler et al., 2003), though Sawada et al. (2011) argued that a central
powering source with an active past may now be in a quiescent state and is too
faint to detect in X-ray emission. Another proposed idea is that the Tornado is a
pulsar wind nebula powered by a high-velocity pulsar (Shull et al., 1989), however,
the spectral slope required to explain the X-ray emission is too steep (Gaensler
et al., 2003). Currently, the origin of the highly unusual shaping observed in the
Tornado is still under debate.

SNRs are considered to play an important role in the dust processes in the
ISM, by creating freshly formed ejecta dust and destroying pre-existing interstellar
dust. Indeed, dust thermal emission is widely detected in SNRs in the mid- and
far-infrared regime (Dunne et al., 2003; Williams et al., 2006; Rho et al., 2008; Barlow
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et al., 2010; Matsuura et al., 2011; Temim et al., 2012; Gomez et al., 2012b; De Looze
et al., 2017; Temim et al., 2017; Rho et al., 2018; Chawner et al., 2019; De Looze
et al., 2019). As SNRs plough through surrounding interstellar dust clouds, they
form a shell-like structure, whereas ejected material is found in a compact emission
source in the center of the system (Barlow et al., 2010; Indebetouw et al., 2014). In
Chapter 4 we reported the discovery of thermal emission from dust in the head and
tail of the Tornado (see Section 6.2), using MIR to FIR images of the region from
the Spitzer Space Telescope (Werner et al., 2004) and the Herschel Space Observatory
(Pilbratt et al., 2010). In this chapter we examine the unusual morphology of dust
emission in the SNR candidate, the Tornado.

6.2 THE INFRARED VIEW OF THE TORNADO

6.2.1 OBSERVATIONS

The Herschel data used to discover dust emission in The Tornado is from
the HiGal survey (Molinari et al., 2010b, 2016), which covers 360◦ in longitude
and | b |≤ 1 and includes data from 70 – 500 µm. Data processing is described
in detail in Molinari et al. (2016) and pipeline-reduced and calibration corrected
fits files are available to the community via the native HIPE reduction pipeline.
Zero-point calibrations for the Herschel SPIRE observations were already applied
prior to data acquisition. The Herschel PACS zero-point offsets were corrected by
comparing the observations to synthetic observations produced from the Planck
foreground maps (Planck Collaboration XLVIII, 2016), and the 100 µm IRAS IRIS
data1. This method is similar to that described in e.g. Bernard et al. (2010); Lom-
bardi et al. (2014); Abreu-Vicente et al. (2016). Spitzer 24 µm data was available via
the IRSA archive. The MIR-submm images of the Tornado are presented in Fig. 6.2
(and Fig. 6.12), where the well known features are marked with a magenta circle
(the head), arrows (the tail) and a gold circle (the HII region, the eye). The tail is
brightest in two prong-like structures east of the head.

Fig. 6.2 also compares the IR images with other physical tracers. We make
use of the 1.4 GHz VLA radio image (with spatial resolution of 14′′ × 11′′, Brogan
& Goss 2003) and X-ray data from the EPIC camera on board XMM-Newton (kindly
provided by B. Gaensler et al. private communication), with an energy range 0.15-
15 keV and spatial resolution of 6′′. As the source was only weakly detected in

1 The zero-point corrections adopted for the G357.7-0.1 region are: 66.1 MJy/sr and 454.1 MJy/sr
for 70 µm and 160 µm respectively.
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Figure 6.2: G357.7−0.1, The Tornado at FIR, radio, and X-ray - top left: Herschel
three colour image combining the 70 (blue), 160 (green) and 250 µm (red) images,
top right: Herschel 70 µm image, middle left: Spitzer MIPS 24 µm image, middle right:
1.4 GHz VLA image, bottom left: XMM-Newton X-ray image smoothed to 0.5′′ pix-
els (kindly provided by B. Gaensler et al. private communication), and bottom
right: Suzaku 1.5 – 3.0 keV X-ray smoothed continuum image. The white and cyan
contours show the radio (1.4 GHz VLA) and X-ray emission (XMM-Newton) re-
spectively. We detect dust emission across all Herschel wavebands from the ‘head’
of the Tornado, within the pink circle. We also detect FIR emission from the ‘tail’ of
the Tornado, and from a fainter filament extending around the head, as indicated
by the arrows. The gold diamond indicates the location of an OH (1720 MHz)
maser.
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the EPIC MOS detector, here we present data from the PN detector only. We use
XMM-Newton rather than Chandra as we are only interested in the comparison of
structures rather than absolute flux or spectral variations. Furthermore, the dif-
fuse source concentrated at the south of the head previously detected with Chan-
dra (Gaensler et al., 2003) is very faint and requires significant smoothing to bring
out the signal; XMM-Newton may ultimately be more sensitive to diffuse emission
given its coarse angular resolution compared to Chandra. X-ray observations from
Suzaku (Sawada et al., 2011) suggest faint diffuse X-ray emission across the head
of the Tornado, in close agreement to the structures observed in the XMM-Newton
image (Fig. 6.2). We note that the distribution of X-rays as seen in the XMM-Newton
image suggests a shell-like X-ray structure with some emission in the south which
may lie interior to the shell (i.e. potentially originating from ejecta; see also the
peak in the smoothed Chandra image of Gaensler et al., 2003).

6.2.2 COMPARISON OF TRACERS

Although this region is confused by dust in the interstellar medium (ISM)
in the FIR, we detect clear emission from dust at the location of the head and tail of
the SNR in all Herschel wavebands, as shown in Fig. 6.2 and Fig. 6.12, though the
poorer resolution at 350 and 500 µm makes it more difficult to distinguish the emis-
sion from unrelated structure along the line of sight. At 70 and 160 µm, the shell-
like structure is clearly seen in the head, and correlates spatially with the radio and
overlaps with X-ray. This is also confirmed in the Spitzer 24 µm image (Fig. 6.2).
The brightest peak in the MIR and FIR (to the north and north-west) is opposite to
that seen in the radio emission, and is located towards the OH (1720 MHz) maser,
where shock-heated H2 is also bright (Lazendic et al., 2004). This dust feature
appears confined within the radio contours, and is significantly brighter than the
ambient dust seen further north-west where the interacting IS cloud is located (as
traced by molecular CO emission; Lazendic et al., 2004), so there is no doubt that
this is associated with the emission structures responsible for the radio and X-ray
(i.e. shocked gas). The fainter southern peak in the X-ray emission correlates with
two radio peaks, and the bright X-ray feature to the west coincides with the bright-
est 24 µm emission and fainter radio.

Outside of the head, we detect warm dust in the unrelated HII region. We
also detect faint 70 µm emission that appears to correspond to one of the large
radio filaments extending around the eastern side of the head. Dust emission from
the tail is also seen at 24 – 160 µm. Similar to the head, we see evidence of an
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anti-correlation between the radio and FIR in the tail, the FIR correlates with the
upper, fainter of the two radio prongs, indicated by an arrow in Fig. 6.2. At longer
Herschel wavelengths, we see a bright structure at the eastern end of the tail which
may be associated with the Tornado, although this is difficult to distinguish from
interstellar dust due to the level of confusion in this region. We do not discuss this
source further.

6.3 INVESTIGATING THE DUST STRUCTURES IN THE TOR-

NADO

In the previous Section, we discussed the presence of dust in the SNR G357.7-
0.1, ‘the Tornado’ (Fig. 6.2). Here we investigate the dust properties in this source
further using the point process mapping technique, PPMAP, as described in Sec-
tion 1.5.2. PPMAP requires an estimate of the noise levels for each band which de-
scribes the pixel-to-pixel variation. Here, this was derived from background sub-
tracted Spitzer and Herschel images using the standard deviation of pixels within
apertures placed in quiet regions (minimal variation in foreground emission) near
the source. This gives noise estimates of 2.18, 5.47, 11.87, 4.10, 1.72, and 0.48 MJy sr−1

for the 24, 70, 160, 250, 350, and 500 µm bands respectively, which are assumed to
be uniform across the entire map.

6.3.1 APPLYING PPMAP TO THE TORNADO

We initially selected 12 temperature bins centred at temperatures equally
spaced in log(T) ranging from 20 to 90 K (guided by our previous analysis of SNRs
in Chapter 3), and we assumed a fixed value for the dust emissivity index, β = 2,
which is typical for silicate ISM dust (Planck Collaboration XXXI et al., 2016). If we
were to assume a carbonaceous dust with β of 1.0 to 1.5 the estimated dust temper-
atures would likely be higher. As we did not find any related dust at the location
of the head in any temperature bins > 70 K, we re-ran the grid for temperatures
ranging from 15 to 70 K.

In our first runs of PPMAP, we found that the iterative procedure did not
converge to sensible fits (verified by checking the PPMAP χ2 statistic in each band),
even with hundreds of thousands of iterations. This was due to PPMAP attempting,
and failing, to converge to a solution for the bright point sources, presumably stars
with temperatures much higher than 90 K, in the 24 µm image (and to a lesser
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extent in the 70 µm image). To resolve this, we masked the bright point sources
near the Tornado (replacing their pixels with a local average level in the image)
and we artificially increased the noise for the 24 µm map by a factor of 10; this
effectively stops PPMAP from trying to over-fit the 24 µm band and down-weights
the importance of the 24 µm in the iterative procedure. This may act to slightly
reduce any dust temperatures fit by PPMAP, though in practice we found that it
did not affect our results.

The Tornado is in a highly confused region due to its location close to the
Galactic centre (Fig. 6.2). To determine the effect of any potential contamination
from unrelated dust along the line of sight, we ran our PPMAP grid (the origi-
nal 20 – 90 K run) on the Tornado without any background subtraction, and then
again, after accounting for background emission. In the former scenario, the re-
sults indicate that dust structures exist in the head of the Tornado at temperatures
of 20-23 K with a warmer dust component in the north-western part of the head at
26 K, where the source is believed to be interacting with a molecular cloud (Frail
et al., 1996; Lazendic et al., 2004; Hewitt et al., 2008). These cold dust temperatures
are very similar to general interstellar dust, and the narrow range of temperatures
suggest this region is contaminated by unrelated background emission.

For PPMAP to converge in a reasonable time we must subtract the back-
ground from the maps. First we mask bright, unrelated sources as above, as well as
the Tornado head and tail, and several high signal-to-noise regions to avoid over-
estimating the background. The images are then convolved with a 100 ′′ FWHM
Gaussian profile, providing background maps smoothed to a scale comparable to
the Tornado head. The background maps are subtracted from the original zero-
point calibrated maps (with the two bright sources masked). Running PPMAP

with the resulting maps gives reduced-χ2 values of 0.3, 2.0, 11.0, 9.0, 4.0, and
128.0 for 24, 70, 160, 250, 350, and 500 µm2. We find that the overall level of the
background-subtracted images is negative, implying the method of background
subtraction used is too aggressive. To account for this, we took the background-
subtracted maps, estimated the mean negative offset for the whole region at each
waveband (again masking the Tornado) and added this back on to the image in
an attempt to bring the maps back to a zero level. Hereafter we call this the zero
mean background-subtracted method. Running these images through PPMAP the

2 These are average reduced-χ2 estimated for the entire map at the end of the PPMAP run. As
such they can be greatly influenced by variations in noise across the map, as well as regions
which are not fit well, including edges (which are sampled less frequently throughout the PPMAP
procedure) and areas which may be optically thick or have a temperature outside of the given
range.
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resulting dust temperatures and components are markedly different to the non-
background-subtracted case: dust structures are observed at a wider range of tem-
peratures (from 20 - 60 K) with the north-western dust feature peaking at 30 K. The
background subtraction has resulted in the dust components in the head being at-
tributed to warmer dust, as expected. Note that these warmer dust components
correspond to the dust structures that peak in the original Herschel maps peaking
at 70 µm. The resulting PPMAP reduced χ2 values are 0.6, 2.2, 6.9, 11.7, 22.5 and
37.6 suggesting the overall fit is formally better than the previous case. The high
χ2 values for the longer wavebands are most likely due to underestimating the
σ value, because small scale ISM variations cannot be captured by a large beam,
although increasing the noise level constrains PPMAP less, giving more unreliable
results across all bands.

The above tests suggest that PPMAP is sensitive to whether the background
diffuse interstellar level is subtracted from the maps or not, particularly important
in this case due to the high level of confusion in this region. To try and qualitatively
discriminate between the tests, we created synthetic MIR-FIR observations based
on the PPMAP outputs for the three scenarios above, and compared them to the
original Spitzer and Herschel images. These were created from the output dust col-
umn density maps at a range of temperatures and then reversing the physical steps
PPMAP uses to produce maps of flux at each wavelength, ultimately regridding the
pixels and smoothing back to the resolution of the original data. This also allows
us to independently check that no artefacts are introduced by PPMAP, since these
would be obvious in the synthetic images. In each case, the original dust emis-
sion features seen in the head of the Tornado were recovered well in the synthetic
PPMAP MIR-FIR images. Fig. 6.3 shows a comparison of the synthetic images from
PPMAP versus the original data for the zero-mean-background-subtracted case.
This gave the closest agreement to the original features, recovering the complex
dust emission structures observed within the head (see the following Section for
more information). We therefore use the PPMAP results based on this method from
now on.

Finally, we note that synchrotron emission in SNRs can be a significant con-
tributor to the FIR flux (Dunne et al., 2003; De Looze et al., 2017; Chawner et al.,
2019). As this typically varies as a power law with flux Sν ∝ ν−α, where α is the
spectral index, we can directly estimate the contribution of synchrotron emission to
our FIR bands. Prior to running PPMAP we subtract the synchrotron contribution,
which is estimated by extrapolating from the flux we measure from the 1.4 GHz
VLA image (Becker & Helfand, 1985a; Green, 2004), assuming α = −0.63 for the
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Figure 6.3: A grid comparing the original Spitzer and Herschel observations of the
Tornado (left) with the synthetic observations (right) created by taking the results
from PPMAP and post-processing them.
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head (Law et al., 2008). We find that the synchrotron contribution to the SNR head
is in the range of only 0.03 – 2.06 per cent of the total flux for our MIR–FIR wave-
bands in the head, as measured on the original Herschel maps3, where both are
measured within an aperture centred at α = 17h40m12.4s, δ = −30◦58′31.1′′ with
a 79′′ radius. We can therefore be confident that we are observing the thermal
emission from dust with negligible contribution from synchrotron emission in the
head.

However, the spectral index does flatten in the tail region with spectral
slope varying from −0.50 < α < −0.33 (Law et al., 2008) indicating that the
tail electrons are more energetic than in the head. We therefore caution that there
could be a higher contribution of synchrotron emission in the tail.

6.3.2 RESULTS

The grid of dust mass in each temperature bin for the Tornado is shown
in Fig. 6.4, assuming a distance of 12 kpc (Brogan & Goss, 2003). Fig. 6.5 shows a
four colour FIR image created by combining the masses in the temperature slices
at 20, 30, 40, and 61 K, and Fig. 6.6 shows the total dust mass distribution across
the Tornado head. They reveal dust features observed in the Herschel images, but
at a resolution of ∼ 8′′ compared to the native telescope beams of 5− 36′′.

A temperature gradient is evident in both the head and tail. Cool, dense
dust is found towards the north-eastern head at the location of a radio filament
which extends from the head towards the northern extent of the object. The fila-
ments outside of the head were lost in background subtraction, but this suggests
that they could also contain cool, dense dust. Slightly warmer material (23 – 30 K)
forms a bubble around the edge of the head and around the larger X-ray peak. In
Fig. 6.6 we find that the majority of the dust mass follows this bubble shape, with
a relative lack of material in the central region. Warm material (35 – 40 K) fills the
central region, coincident with both the large X-ray peak and the warmest dust that
we observe (53 – 61 K). It seems that the hot gas which emits the X-ray emission is
heating the central region of the head, where we see warm, low density material.

3 we note that this calculation may underestimate the synchrotron contribution to the IR fluxes
since our integrated flux for the total SNR (head and tail) derived from the 1.4 GHz radio image
using an aperture α = 17h40m29s, δ = −30◦58′00′′ with a 8′ radius, gives 80 and 70 per cent
of the flux derived from the single dish measurements of Green (2004) and Law et al. (2008)
respectively (scaled to the same frequency). This may, in part, explain the larger χ2 value at
500 µm. However taking the single dish measurements would produce a maximum synchrotron
contribution of 3 per cent. Indeed the biggest source of contamination in the MIR-FIR aperture
measurements is the background level.
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Figure 6.4: PPMAP generated maps of differential dust mass split in different tem-
perature ranges for the Tornado. The corresponding dust temperature is indicated
in the bottom-left of each panel.
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Figure 6.5: PPMAP-generated four colour map of dust mass in the Tornado created
using dust temperature slices from Fig. 6.4. Colours show dust at 20 K (blue), 30 K
(cyan), 40 K (gold), and 61 K (red). Overlaid contours are from the VLA 1.4 GHz
(grey) and XMM-Newton (pink) images. The magenta dashed circle indicates the
location of the head of the remnant, and is also the aperture used to derive the
dust mass. The gold dash-dotted circle is the location of the eye of the Tornado
(unrelated HII region).

We find a large mass of 26 – 30 K dust towards the north west where interactions
with a molecular cloud may be heating the dust, as well as at the same location as
the smaller region of bright X-ray emission in the south east. A filament of 35 – 46 K
material sits along the eastern edge of the head, with a warm 53 K peak towards
the middle, filling the radio contours at this location, as seen in Fig. 6.5. In the tail
we find a large mass of cool, 15 – 20 K dust to the east, as well as slightly warmer,
23 – 30 K material which extends further north. The temperature increases towards
the west, as 35 – 40 K dust fill the eastern and central contours with dense regions
at the radio peaks, and 46 K material is found further west. There is some evidence
of warm dust (40 – 46 K) at the X-ray and radio peak to the east of the tail, although
much of this area is lost to background subtraction as it is a similar level to the
surrounding ISM.
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Figure 6.6: The dust mass within the Tornado head integrated across all tempera-
ture slices of Fig. 6.4, with VLA 1.4 GHz contours (grey) overlaid.

Figure 6.7: The total thermal MIR-FIR SED estimated from the PPMAP results of the
head of the Tornado, within the magenta circle in Fig. 6.5, indicating how the differ-
ent temperature components shown in Fig. 6.4 contribute to the thermal emission
observed in the source.
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Figure 6.8: Tornado head and tail region at 70 µm. The shapes indicate regions
from which we detect FIR emission and within which we compare the flux ratios
in Figs. 6.9 and 6.10. These are the Tornado head (blue circle), north-western head
(green dashed ellipse, south eastern head (pink dashed ellipse), Tornado tail (gold
dashed ellipse), and the Tornado eye (white dash-dotted circle).

The spectral energy distribution of the head of the Tornado is shown in
Fig. 6.7, broken down into the different temperature components revealed by PPMAP.
We derive the total dust mass in the head of the Tornado by summing the mass
within the magenta circle shown in Fig. 6.5 across the temperature grids. This
gives a total dust mass for the Tornado head of 16.7 M� for a dust mass absorption
coefficient at 300 µm of κ300 =0.56 m2 kg−1 (James et al., 2002). If we only sum the
contribution from dust structures with Td>17 K we obtain a dust mass of 14.8 M�,
and 4.0 M� of mass originates from dust hotter than 30K.

6.4 THE NATURE OF THE TORNADO

The nature of the Tornado is unclear as it has many confusing characteris-
tics, with suggested candidates including an X-ray binary, a SNR, and HII region.
In Section 6.3 we revealed that the Tornado contains large masses of dust, similar
to the sandy whirlwind ‘Dust Devils’ on Earth. In this section we explore whether
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the FIR emission from our own Dust Devil can give us any insight into its nature.
We further examine the IR, radio, and X-ray emission to determine if it can shine
any light on the different origin scenarios.

6.4.1 PROPERTIES OF THE TORNADO

First, we study the emission colours to understand the properties of the re-
gions from which we detect dust and how they vary across its features. Within the
head, we split our analysis into two main regions of interest, as indicated by the
green and magenta ellipses in Fig. 6.8 respectively: the north-west (NW), where we
identified warm dust with PPMAP and where the head is thought to be interacting
with a molecular cloud (Frail et al., 1996; Lazendic et al., 2004; Hewitt et al., 2008);
and the south-east (SE), where there is a radio peak. Our PPMAP analysis in Sec-
tion 6.3 gives estimates for the dust mass within each of these regions as ∼ 3.3M�
and ∼ 2.1M� for the NW and SE respectively.

IR – radio flux ratios have been used in previous studies to identify SNRs,
distinguishing them from HII regions (e.g. Whiteoak & Green, 1996). The ther-
mally dominated emission from HII regions, with some free-free emission in the
radio, gives an IR-radio ratio of > 500; in contrast, SNRs are dominated by syn-
chrotron at radio frequencies and have a considerably smaller IR flux, giving an
IR - radio ratio of 6 50 (Haslam & Osborne, 1987; Furst et al., 1987; Broadbent et al.,
1989). Table 6.1 shows the IR and IR – radio flux ratios from the integrated fluxes
of the Tornado head. Although several of the IR flux ratios are consistent with the
Tornado head being a HII region, none of the IR – radio flux ratios agree with this
scenario.

In order to examine the dust emission properties of the various FIR re-
gions of the Tornado in more detail, we follow the analysis of Pinheiro Goncalves
et al. (2011) and compare IR and radio colours, including I70µm/I21cm, I24µm/I21cm,
I8µm/I24µm and I70µm/I24µm, for pixels within the Tornado (Figs. 6.9 and 6.10),
where pixels are convolved to the lowest resolution data. For comparison we in-
clude the integrated flux of the head, the dusty region in the tail (see Fig. 6.8), the
eye, and previously studied SNRs (in Figs. 6.9 and 6.10 the SNR and region names
are centred on the respective flux ratios, unless indicated by an arrow).
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Colour HII region test Tornado G54.1+0.3 Crab
Value Consistent with HII? Value HII? Value HII?

3.6
8 |

4.5
8 |

5.8
8 |I8

a 0.04|0.05|0.35|1 0.004|0.58|0.98|1 × .. .. .. ..

log (F160/F24)
b > 0.8 1.45 X 0.10 × 0.45 ×

log (F160/F70)
b > −0.2 -0.09 X −0.5 × −0.12 X

log (F70/F24)
b > 0.8 1.54 X 0.6 × 0.58 ×

log (F24/F8)
b < 1.0 -0.31 X 1.59 × 0.52 X

log (F24/F70)
c −1.5 to −1.0 -1.54 × −0.58 × −0.12 ×

F8/S843 MHz
d 27± 10 0.66 × 1.4 × 0.02 ×

F70/S843 MHz
d 6 50 11.09 ×

Table 6.1: Summary of the various colour tests to resolve whether the dust associated with the Tornado head originates from
a HII region or a SNR. Unless specified, all the subscripts refer to the wavelength in microns. References are a - Reach et al.
(2006), b - Anderson et al. (2012a), c - Paladini et al. (2012), d - Cohen et al. (2007). Also shown are the results of the same tests
for the classified (PWN) SNRs G54.1+0.3 (fluxes are taken from Temim et al. 2017 and Rho et al. 2018), and the Crab Nebula
(from De Looze et al., 2019).
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In Fig. 6.9 we find that the IR colours for the majority of the Tornado head
pixels fall within the colour space for a SNR, and are well distinguished from the
pixels within the ‘eye’ of the Tornado, which is a confirmed HII region with an
embedded protostellar source (Burton et al., 2004). This suggests that the Tornado
head is part of a SNR, rather than a HII region. Several Galactic SNRs from Pin-
heiro Goncalves et al. (2011) are observed to have high IR-radio flux ratios, two of
which would be classified as HII regions by this test (IIR/Iradio > 500: G21.5−0.1
and G23.6+0.3, IIR/Iradio > 50: G10.5+0.0, G14.3+0.1, G18.6−0.2, and G20.4+0.1).
Of these sources, Anderson et al. (2017) suggested that three were misidentified HII

regions (G20.4, G21.5, and G23.6), which we have labelled in Figs. 6.9 and 6.10.

As shown in Fig. 6.10, Pinheiro Goncalves et al. (2011) found different trends
for HII regions and SNRs when comparing their IR colours. In this colour space,
we find that the Tornado falls more in line with the HII region trend. However,
SNRs and HII regions inhabit much of the same colour space in Figs. 6.9 and 6.10
and there are other well known SNRs, including W49B, 3C391, and G349.7−0.2,
which also lie along the HII region trend. The variation seen in these individ-
ual SNRs from the main SNR trend could instead be due to a difference in dust
properties such as temperature or emissivity, possible caused by interactions with
molecular clouds.

It is possible to use the IR and IR – radio colours, as in Figs. 6.9 and 6.10,
to determine some of the SNR properties. Older SNRs tend to have higher IR –
radio colours (e.g. Arendt, 1989), placing them towards the upper-right of the SNR
colour space in Fig, 6.9. Additionally, Pinheiro Goncalves et al. (2011) found some
correlation between the IR colours in Fig. 6.10 and the SNR age, suggesting that
older remnants have higher 70 – 24 µm and 8 – 24 µm flux ratios. Thus, both the
FIR – radio and the IR colours suggest that, if it is a SNR, the Tornado is an older
remnant which has likely swept up a large mass of dust from the ISM. Pinheiro
Goncalves et al. (2011) also suggested that the IR colours could give some insight
into the SNR emission process. They found tentative evidence that the upper right
region of the colour space in Fig. 6.10 tends to be populated by objects with molec-
ular shock and photodissociation regions (PDRs), although they admit that this is
not a secure correlation given the small sample and that the 8, 24, and 70 µm bands
contain both dust emission and lines. We find that the IR flux ratios of the NW re-
gion of the Tornado Head suggests molecular emission, whereas the SE region is
largely undetected at 8 µm. Given that the head is thought to be interacting with a
molecular cloud in the NW this supports the relation between the 70 µm – 24 µm
and 8 µm – 24 µm flux ratios and emission type.
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Figure 6.9: Flux ratio of individual pixels and integrated flux within the Tornado
head, eye, and tail (within the circled regions in Fig. 6.8), in comparison with other
SNRs and HII regions. Pixels with very low signal have been removed, where
the signal divided by the subtracted background is < 0.1. The fluxes for the NW
and SE head, and the tail are measured from the regions indicated in Fig. 6.8. The
text labels are centred on the integrated flux for the Tornado head and eye, and
previously studied SNRs, estimated by De Looze et al. (Cas A and Crab; 2017,
2019) and Chapters 3 and 5 (G11.2, G21.5, G29.7 and G351.2). The grey dashed-
dotted lines indicate ratios of 50 and 500, used in previous studies as diagnostics of
SNRs and HII regions. The majority of the Tornado head and tail pixels fall within
the SNR region, and are clearly different to the pixels within the eye, which sits
very close to the HII region area of the colour space. All regions of the Tornado are
found towards the upper right of the SNR regions, suggestive of an older remnant.
There is a noticeable variation in the flux ratio of the NW and SE regions of the
head.
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Figure 6.10: Flux ratio of individual pixels within the head, eye, and tail of the
Tornado (within the circled regions in Fig. 6.8), in comparison with other SNRs
and HII region. Pixels with very low signal have been removed, where the signal
divided by the subtracted background is < 0.1. The fluxes for the NW and SE head,
and the tail are measured from the regions indicated in Fig. 6.8. The text labels are
centred on the integrated flux for the Tornado head and eye, and previously stud-
ied SNRs, estimated by De Looze et al. (Cas A and Crab; 2017, 2019) and Chapters 3
and 5 (G11.2, G21.5, and G29.7). We also include ratios for SNRs with known
molecular interactions, atomic fine-structure emission, and PDRs from Pinheiro
Goncalves et al. (2011). The purple dashed and the grey dash-dotted lines indicate
SNR and HII region trends respectively, found by Pinheiro Goncalves et al. (2011).
SNRs populate a wider area in this colour space and several Pinheiro Goncalves
et al. (2011) SNR measurements lie along the HII region trend, including those
highlighted in pink text. The Tornado is found towards the upper right of this
colour space, suggestive of an older remnant. It is also found in a region popu-
lated mainly by SNRs with molecular interactions.
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In all of the colour plots we find that the NW and SE regions (Fig.6.8) of
the head are distinct and must have different emission processes. Fig. 6.9 shows a
higher FIR – radio flux ratio in the NW region, suggesting an increased amount of
thermal emission in the same area in which we see warm dust in Fig. 6.4: this dust
may be heated through an interaction on this side.

6.4.2 WHAT THE DEVIL IS IT?

Gaensler et al. (2003) found that the X-ray emission from the head can be
well explained by thermal models, rather than synchrotron emission, with a gas
temperature of kT ∼ 0.6 keV, arising from the interior of a limb-brightened ra-
dio SNR. Indeed, in Fig. 6.5 we find that the warmest dust is coincident with X-
ray emission in the central region where hot gas may be heating the dust, as ex-
pected for a mixed-morphology SNR (Rho & Petre, 1998; Yusef-Zadeh et al., 2003).
Sawada et al. (2011) estimated an X-ray temperature of 0.73 keV for the head. Us-
ing an X-ray temperature of 0.73 keV (T = 8.6×106 K) and assuming that the Tor-
nado nebula is an SNR, we estimate a shock velocity (Vs) and age (t) of the SNR
using the radius of only the head and both the head and tail (1.3′ and 5.4′). The
shock velocity is 884 km/s based on Vs = (T/11.)0.5 × 1000 km s−1 (Winkler &
Clark, 1974). The age of the SNR (t = 2/5 Rs/Vs) is therefore between 2000 and
8000 yr.

The bizarre shape of the tail is more difficult to explain with a SNR scenario.
Gaensler et al. (2003) suggested that the tail could be explained by a progenitor star
moving across the space whilst losing mass, which then exploded as a SN at the
edge of circumstellar material (CSM; Brighenti & D’Ercole, 1994). A similar sce-
nario has been suggested for the SNR VRO 42.05.01 (G166.0+4.3, Derlopa et al.,
2020) which is much larger than the Tornado but morphologically resembles the
Tornado head and surrounding filaments. When a progenitor star moves in the
relatively higher density interstellar medium (ISM), the stellar motion could cause
a bow shocks at the site of interaction between CSM and ISM. Bow shocks have
been detected in the red-supergiants α Ori and µ Cep (Noriega-Crespo et al., 1997;
Martin et al., 2007; Ueta et al., 2008; Cox et al., 2012). In the former, the bow shock
has a wide opening angle, whereas the latter has a narrow-angle cylinder-type
bow shock. The cylinder shape of the Tornado’s tail could therefore be explained
by CSM-ISM interaction. However, the CSM from red-supergiants does not emit
synchrotron emission, so that the radio emission observed in the Tornado’s tail
would require additional energy by the SN – CSM interaction. This requires the
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SN explosion itself to be highly elongated with very fast blast winds towards the
east by more than by a factor of 10 to the west, which is unlikely and not supported
by the hydrodynamic model (Brighenti & D’Ercole, 1994). Instead of synchrotron,
the radio tail emission could be free-free; however, in that case, there should be
some major heating and an obvious ionising source in the tail, which we do not
see in the Spitzer 24 µm image (Fig. 6.2). Instead of a red-supergiant, the pro-
genitor star could be a Wolf Rayet (WR) star, which has ionised gas in the CSM,
and hence can emit free-free emission at radio wavelengths. However, the typi-
cal lifetime of a WR star is 10 – 36 kyrs (Meynet & Maeder, 2003, 2005), which is
too short to form such a large scale structure while the star is moving in the lo-
cal space. At a distance of 12 kpc, the furthest filament (centred at approximately
α = 17h40m43.8s, δ = −30◦55′44.9′′) is ∼ 25 pc from the centre of the Tornado
head. This requires a progenitor to move through the ISM at speeds of approxi-
mately 1,000 km s−1. Though not impossible, such a high speed motion is unlikely.
It is therefore difficult to explain the Tornado’s tail with past mass loss from a SN
(SN-CSM interaction).

Next we investigate whether the filaments could have been formed by mass
loss from a star at the location of the Tornado head. Fig. 6.11 shows the times
required for material lost through the stellar wind of a progenitor to have reached
the filaments (left), and typical evolutionary timescales for massive stars (right).
For the stellar wind of a red supergiant to reach the distance to the furthest filament
it would take between ∼ 156 and ∼ 2500 kyr for terminal wind speeds of 160 and
10 km s−1 respectively. Theoretical models (Ekström et al., 2012) suggest that the
RSG phase lasts between ∼ 90 and 4000 kyr depending on the star’s initial mass.
In Fig 6.11 we infer the stellar wind terminal velocity for RSGs with high mass-
loss rates from CO measurements (De Beck et al., 2010); some uncertainty arises as
there is a dependence on the geometry of the gas (McCray, 1993). The theoretical
models shown in the right-hand panel of Fig. 6.11 suggest that low mass RSGs
(M. 17 M�) have lifetimes within the expected timescale needed for stellar winds
to reach the distance of the furthest filament. However, intense mass-loss rates
are found only towards the end of the RSG phase, making it unlikely that the
filaments could be formed in this way. For a Wolf-Rayet stellar wind it would
require between ∼ 10 and ∼ 36 kyr for typical terminal wind speeds between 2500
and 700 kms−1 to reach the furthest filament. The theoretical models shown in the
right-hand panel of Fig. 6.11 indicate that the WR phase lasts a considerably longer
time than required and, based on this, the filaments could have been formed by the
stellar winds of a Wolf Rayet progenitor star. The winds from a Main Sequence star
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Figure 6.11: Left: The time required for stellar winds to reach the closest (cyan
line) and furthest (purple line) radio filaments outside of the head, seen in Fig. 6.2.
The shaded and hatched regions indicate typical stellar wind velocities for various
massive stars (OB, Lamers et al., 1995; RSG, inferred from CO measurements by
De Beck et al., 2010; WR, Hamann et al., 2019). Right: Typical timescales for the
evolutionary phases of stars of various initial mass (solid lines: Ekström et al.,
2012; Seo et al., 2018), (MM03: Meynet & Maeder, 2003, M15: Meynet et al., 2015).

would have enough time to reach the outer filament within this phase of evolution,
although it is unlikely that the mass-loss would be high enough to account for
forming the filaments.

Although the X-ray and radio emission from the head can be explained by
thermal and synchrotron radiation from a SNR, the presence of an X-ray binary
within the SNR would explain the length and the morphology of the tail in radio
emission (Helfand & Becker, 1985; Stewart et al., 1994). Stewart et al. (1994) de-
tected a spiral magnetic field around both the head and tail which they proposed
could be explained by outflows from the central source dragging existing fields
along the precession cone. In this instance, thermal X-ray emission at the location
of the head is expected to arise from interactions between the jets and surrounding
nebula, similar to that seen in the X-ray binary SS433 surrounded by a SNR W50
(Brinkmann et al., 1996; Safi-Harb & Ögelman, 1997). The radio power law index
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of the central part of W50 is found to be typical for SNR (α ∼0.58) (Dubner et al.,
1998), while a hydrodynamic model shows that episodic jets from an X-ray bi-
nary containing a black hole compresses the SNR shell, forming a cylinder/helical
shaped outflow in one direction (Goodall et al., 2011).

If the Tornado is formed by a binary system, the location of its source is
controversial. In the case of the W50 – SS433 system, the high mass X-ray binary
is located in the SNR, following which would place the Tornado binary within the
head. However, Sawada et al. (2011) suggested that there is a Suzaku 1.5 – 3.0 keV
band detection of a ‘twin’ source, opposite to where X-ray emission is already
detected in the Tornado head. They propose that this originates from the inter-
action between the second jet of an X-ray binary system and a molecular cloud,
placing any potential binary system source at the middle of the structure seen in
Fig. 6.2, rather than in the head. In this case, one might expect visible emission in
the IR/FIR wavelengths at the location of the ‘twin’ due to shocked gas/heated
dust arising from jet interaction with the ISM. In the 24 µm and the Herschel bands
there is emission towards the south-west of this region which correlates with ra-
dio structures in the tail. However, we do not see any clear evidence for an IR
counterpart of the ‘twin’: in all Spitzer and Herschel maps, the flux at the location
of the Suzaku peak is at a similar level to, or lower than, that of the surround-
ing area (see Fig. 6.13). There is some X-ray emission in the XMM-Newton and
Chandra data at the location of the ‘twin’, although the emission does not seem
correlated. However, the X-ray emission may be affected by foreground absorp-
tion, which makes association difficult to determine, and the region may peak in
the 1.5 – 3.0 keV Suzaku band, with much lower emission of softer X-ray, making
comparison between multiple bands complicated.

As there does seem to be X-ray and radio emission at the location of the
‘twin’ it is plausible that there is an object in this region, which may be associated
with the Tornado, as suggested by Sawada et al. (2011). However, if there is emis-
sion from such an object in any of the Spitzer or Herschel bands, it is very faint and
is not detected above the level of the ISM in this region (Fig. 6.13). This is unlike
the head, from which there is a clear detection in the 5.8 – 500 µm bands, as well
as a very bright radio structure (Fig. 6.12). It seems strange that their IR profiles
are so different if the two regions have been formed by a similar process, although
we cannot exclude this as a possibility. If the X-ray ‘twin’ head is unrelated to the
Tornado, it is plausible that the location of an X-ray binary, if any, could be within
the head of the Tornado, as discussed above.

Although the IR-radio emission supports a SNR origin for the Tornado head,
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Figure 6.12: IR, radio, and X-ray view of the location of the Tornado head. Left
column: Herschel images, middle column: Spitzer images, right top: 1.4 GHz VLA
image, right second row: XMM-Newton X-ray image, right third row: Chandra X-ray
image, and right bottom: Suzaku 1.5 – 4.0 keV X-ray image. We note that we have
not applied a background subtraction or correction for vignetting as was done
by Sawada et al. (2011). The white and cyan contours show the VLA 1.4 GHz
and XMM-Newton emission respectively. There is a clear detection of emission
from the head at the Spitzer and Herschel wavebands, between 5.8 and 250 µm, at
3.6, 350, and 500 µm there is emission which seems associated although it is more
confused. There is a clear detection in all of the radio and X-ray images. (We use
the CUBEHELIX colour scheme, Green (2011).)
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Figure 6.13: IR, radio, and X-ray view of the location of the X-ray twin, detected
by Sawada et al. (2011), the scale is increased compared with the image in Fig 6.2
to enhance any features in the region. Left column: Herschel images, middle column:
Spitzer images, right top: 1.4 GHz VLA image, right second row: XMM-Newton X-ray
image, right third row: Chandra X-ray image, and right bottom: Suzaku 1.5 – 4.0 keV
X-ray image. We note that we have not applied a background subtraction or cor-
rection for vignetting as was done by Sawada et al. (2011). The white contours
show the VLA 1.4 GHz emission. In all Herschel and IRAC bands the flux level at
the location of the twin is similar to, or lower than, that of the surrounding ISM. In
all other bands there is some emission, although the morphology is not consistent
with the Suzaku features, and at 24 µm this is fainter than much of the surrounding
ISM. (We use the CUBEHELIX colour scheme, Green (2011).)
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we see no clear indication that the X-ray emission from the head results from an
interaction between X-ray binary jets and the surrounding nebula. However, the
helical shape of the tail, and the presence of its magnetic field and synchrotron
radiation, can be explained by a jet ploughing into a SNR shell, as observed in
W50. Although there is no detection of a central powering source, there are cases
in which the central X-ray binary may be too faint to detect at a distance of 12 kpc.
Gaensler et al. (2003) suggest that this would be the case for a high-mass X-ray
binary such as LS 5039 (Paredes et al., 2000), from which the luminosity may vary
with orbital phase and its minimum is slightly higher than the upper limit for de-
tection of a Tornado central source. It could also be the case that the Tornado is
powered by a low mass X-ray binary in a quiescent state, having produced the ob-
served features in a past period of prolonged activity (Sawada et al., 2011), as seen
in 4U 1755–338 (Angelini & White, 2003).

6.5 CONCLUSION

We detect FIR emission from dust in the unusual SNR candidate the Tor-
nado (G357.7−0.1), akin to the terrestrial sandy whirlwinds known as ‘Dust Dev-
ils’. We investigate the distribution of dust in the Tornado using Point Process
Mapping, PPMAP. Similar to that found in the radio emission, we find a complex
morphology of dust structures at multiple temperatures within both the head and
the tail of the Tornado, ranging from 20 – 60 K. In the head of the Tornado, we find
warm dust in the region at which the object is thought to be interacting with a
molecular cloud. We also find a filament along the SE edge coinciding with radio
emission, and a cool dusty shell encapsulating hot dust near to the location of an X-
ray peak. We derive a total dust mass for the head of the Tornado of 16.7 M�.When
considering whether the Tornado may be a SNR, we find that it is aged between
2000 and 8000 yrs and it is plausible that the estimated dust mass originates from
material swept up from the ISM.

The origin of the Tornado is still unclear. We do not find clear evidence of a
FIR counterpart to the Tornado ‘twin’ detected by Sawada et al. (2011), which was
suggested to be the other end of an X-ray binary system. The FIR – radio colours
in the Tornado head are consistent with a SNR origin for this structure, yet the
tail is not easily explained by just the SN or a SN-CSM interaction. The tail can
be explained via jets from an X-ray binary source within the nebula, similar to
the W50 SNR. One useful way to distinguish between the several hypotheses put
forward by various authors would be to measure the velocity of the gas motion in
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the tail, if it emits in near-infrared Br α or [Fe II] for example.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK

‘Aristotle said a bunch of stuff that was wrong.
Galileo and Newton fixed things up. Then
Einstein broke everything again. Now, we’ve
basically got it all worked out, except for small
stuff, big stuff, hot stuff, cold stuff, fast stuff,
heavy stuff, dark stuff, turbulence, and the
concept of time.’

ZACH WEINERSMITH, SCIENCE: ABRIDGED

BEYOND THE POINT OF USEFULNESS

This thesis explores the question of whether dust can survive in SNRs and
if it does, which objects are most likely to contribute to the dust content of the ISM.
To address this I have studied 190 SNRs within the Galactic Plane from Green’s
SNR catalogue (Green, 2014), and compiled a catalogue of dusty SNRs to comple-
ment previous IR surveys by Arendt (IRAS, 1989), Saken et al. (IRAS, 1992), Reach
et al. (IRAC, 2006) and Pinheiro Goncalves et al. (MIPS, 2011). In this study, SNRs
are classified between Levels 1 and 4 based on the confidence of a FIR detection,
following a system used by previous surveys, where a Level 1 detection is a clear
detection of dust emission and Level 4 indicates a clear lack of FIR emission. Dust
is detected within 39 SNRs to a Level 1 rating giving a 21 per cent detection rate,
although there could be many more dusty SNRs within our sample which are too
confused with the ISM to detect. Dusty SNRs within the catalogue are further
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studied to determine the dust properties, with some evidence that SNe can con-
tribute significant amounts of dust to the ISM to account for the missing mass in
the dust budget. This thesis mainly relies on data from the Herschel survey, HiGAL
(Molinari et al., 2010a, 2013, 2016), which observed FIR emission across the entire
Galactic Plane (| b |≤ 1◦).

7.1 KEY FINDINGS

7.1.1 DUSTY SNR CATALOGUE

Inspecting Galactic SNRs with Herschel gives a 21 per cent Level 1 detection
rate of FIR emission which, for the most part, is expected to be attributed to thermal
dust emission. Of the detected dusty SNRs, 13 are from core collapse SNe and two
are Type Ia remnants (the other 24 are of unknown type). There is no clear evidence
that there is any ejecta dust associated with the Type Ia SNRs, and instead this is
more likely to have been swept up from the ISM by the expanding SNR shell. This
is consistent with previous observations of the Type Ia SNRs Tycho and Kepler
(Gomez et al., 2012a), and with theoretical studies which suggest that any dust
formed in Type Ia SNe is efficiently destroyed by the reverse shock (e.g. Nozawa
et al., 2011).

In line with previous studies of SNRs containing dust, the highest propor-
tion of Level 1 detections are young (<5 kyr) as these tend to be brighter and more
compact, and can be identified more clearly above the level of the ISM. However,
this catalogue stretches the age range of dusty Galactic remnants up to∼100 kyr. It
is expected that the dust content of the majority of Level 1 detections in this survey
is most likely pre-existing material which has been swept up by the expanding
SNR shell, or heated by interactions between the SNR and dense ambient mate-
rial. Nevertheless, ejecta dust is detected within five SNRs: four PWNe G11.2−0.3,
G21.5−0.9, G29.7−0.3 (Kes 75), and G54.1+0.3 (Temim et al., 2010; Rho et al., 2018)
and a CCSNR G350.1−0.3.

7.1.2 SNR DUST CONTENT

The dust content of the newly detected PWNe, G11.2, G21.5, and Kes 75, has
been investigated via two techniques: initially fitting modified blackbody SEDs to
the Herschel fluxes in a Monte Carlo routine, and then using PPMAP to examine the
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dust in more detail at multiple temperatures. The Monte Carlo analysis gives av-
erage cold dust temperatures of 26.7 + 1.7

− 1.3 K, 26.0± 0.7 K, and 30.7 + 11.7
− 4.0 K for G11.2,

G21.5, and Kes 75 respectively, and dust masses of 1.1 + 0.4
− 0.3 M�, 0.12± 0.02 M�, and

0.3 + 0.4
− 0.2 M�. Further analysis with PPMAP confirms the presence of cool dust struc-

tures in the three PWNe, with temperatures between 20 and 40 K and dust masses
of 0.34± 0.14 M�, 0.29± 0.08 M�, 0.51± 0.13 M� for G11.2, G21.5, and Kes 75 re-
spectively. The disparity in the two methods is due to a combination of using
different background subtraction techniques, and because PPMAP is able to trace
the dust at a wide range of temperatures rather than assuming that all of the
dust is at a single temperature. Regardless, both methods find significant dust
masses, suggesting that SNRs containing PWNe may be important sources of cos-
mic dust. PPMAP is used further to study the dust emissivity index, β, and in-
vestigate whether there is any discernible difference between the properties of the
PWNe dust and the surrounding ISM. Although the signal-to-noise at long wave-
lengths is inadequate to constrain β for G11.2 and Kes 75, there is some evidence
of a variation in the dust of G21.5, for which β = 1.4± 0.5 compared with the ISM
where β = 1.8± 0.1.

The dust within 11 other SNRs is studied using their 24 – 70 µm flux ratio.
The resultant temperature maps indicate the presence of warm dust (∼25 – 40 K)
in all of these objects. For the sources for which there is a distance measurement,
the associated dust masses are between 0.2 and 340 M�. Some of these estimates
are unexpectedly large for the mass of dust which could be produced by the SN, or
swept up by the expanding shell. For SNRs located in the Galactic Plane, confusion
with the ISM is the largest difficulty in accurately estimating the dust mass, as the
estimated mass is highly sensitive to small changes in the temperature, which are
in turn affected by contaminating ISM that reduces the average dust temperature.
Thus it is likely that the largest dust masses are overestimated because of difficulty
subtracting the background.

A region of dust has been detected at the centre of G351.2+0.1, radio obser-
vations of which suggest that it could be a PWN or an unrelated HII region, and
in this thesis the FIR emission is studied in an attempt to ascertain its nature. SED
fitting analysis gives a cool dust component with temperature and mass of 45.8 K
and 0.18 M�, and a warm component with temperature and mass of 242.1± 6.8 K
and (3.9± 0.4) × 10−6 M�. When considering the nature of this object, the dust
temperature is higher than that of a typical HII region, although it is not unheard
of, and the IR colours are consistent with either a HII region or a SNR. It is there-
fore possible that the dust is either unrelated interstellar material or a region of SN
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ejecta with a considerable mass.

7.1.3 THE TORNADO SNR CANDIDATE

In the Galactic Plane SNR survey, dust emission is detected from the aptly
named Tornado SNR candidate, G357.7−0.1. Further analysis of the FIR emission
with PPMAP reveals complex dust structures with temperatures between 15 and
61 K, and a total mass of 16.7 M�.

There is noticeable variation in the IR emission across the Tornado head,
with a bright peak to the north-west, where the head is expected to be interacting
with dense molecular material. A study of the IR and IR – radio colours indicates
a corresponding variation in dust properties across the object, implying that there
is some difference in the dust properties or heating process. The properties of the
Tornado head can be explained by a SNR aged between 2 and 8 kyr, which has
swept large masses of dust from the surrounding, dense material. The tail of the
Tornado, however, is bizarre and difficult to explain. It is unlikely that the tail
was formed by a progenitor star before it exploded. The jets from an X-ray binary
could form structures like those seen in the tail, and the observed emission may be
explained by a jet ploughing into a SNR shell, as seen in the W50 system.

7.2 FUTURE WORK

This thesis aimed to answer the question of whether SN dust can survive
to be injected into the ISM. We tackled the observational side of this complicated
question, providing a larger sample of objects within which dust has been detected
and measured. However, there is still much more investigation required to com-
prehensively determine the survival rate of ejecta dust in SNRs.

This thesis has widened the sample of SNRs analysed for their dust emis-
sion and given some insights into the types of object which could be important
when considering dust formation by SNe. Analysis of G11.2−0.3, G21.5−0.9, and
Kes 75 in Chapter 3 suggests that SNRs containing PWNe are important contribu-
tors of dust to the ISM. Yet, to prove their significance, or otherwise, observations
of a larger sample are required. Targeted FIR observations of more PWNe could
give further insight into whether there are processes within the nebulae which pro-
tect ejecta dust, and how this varies depending on the environment and SN type.
There are already extensive literature studies of the Crab Nebula and Cas A.Within
the Milky Way there are another 16 PWNe associated with SNRs which are outside
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of the HiGAL coverage (excluding the Crab and Cas A); IR and submm obser-
vations of these would clarify the importance of PWNe in the survival of ejecta
dust. The majority of FIR level 1 detections were well detected at 24 µm, with less
confusion than in the longer wavebands. As such, MIRI (JWST, Bouchet et al.,
2015) should be able to identify dusty PWNe, and also to resolve the dust location,
given its much higher resolution at 25.5 µm compared with that of MIPS 24 µm ob-
servations. Combined with FIR images; using for example HAWC+ (40 – 300 µm,
SOFIA, Harper et al., 2018), ArTéMiS (200, 350, and 450 µm, APEX Revéret et al.,
2014), SCUBA2 (450 and 850 µm, JCMT, Holland et al., 2013), LABOCA (870 µm,
APEX Siringo et al., 2009), and ALMA; this would give a broader sample of PWNe
with FIR observations, to confirm their impact on the survival or destruction of SN
dust. Additionally, as the 16 PWNe suggested are located away from the Galactic
Plane, issues with confusion should be limited compared with studies in this thesis
of SNRs within the Galactic Plane, allowing for greater certainty in the estimated
dust mass.

In many cases it is difficult to disentangle ejecta dust and swept-up ISM
within a SNR, as well as separating this from fore- and background material. This
hinders our understanding of the amount, and properties, of dust formed by the
SN which has thus far survived destructive processes. Indebetouw et al. (2014)
and Cigan et al. (2019) have shown that, in a new era of resolved submm astron-
omy with ALMA, we can disentangle dusty regions to determine those which are
ejecta or ISM dominated. Doing so with a larger number of SNRs would give us a
greater insight into the mass of freshly formed dust, as well as that which has been
processed by the reverse shock. Further spectral analysis with MIRI MRS could
also help to disentangle contaminating ISM and ejecta material.

In Chapter 3 we used PPMAP to measure the dust mass of three PWNe:
G11.2−0.3, G21.5−0.9, and Kes 75. However, we were unable to constrain the
dust emissivity, β, which determines the Rayleigh-Jeans slope of their SED and
is dependent on the dust properties, including grain size and composition. When
determining the dust contribution made by SNe to the ISM, it is crucial to consider
the properties of the freshly formed ejecta, as its susceptibility to destruction varies
for different compositions and grain sizes. Additionally, studying variations in β

across an object and in the surrounding material would further improve our abil-
ity to distinguish ejecta, processed, and ISM dust, and to scrutinize the variation in
their properties. As we had limited, and highly uncertain, long wavelength data
in this thesis, we were not able to constrain the Rayleigh-Jeans part of the SED,
and nor therefore β. More observations of SNRs, including the three discussed, at
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long wavelengths with JCMT, APEX, and ALMA would provide more detailed in-
formation about the Rayleigh-Jeans slope. This would allow us to more accurately
pin down the value of β, giving a better understanding of the dust properties and
it’s likelihood to be injected into the ISM.

Throughout this thesis PPMAP was used to analyse the dust content of SNRs
with a higher resolution than traditional SED fitting, as well as estimating the mass
across a grid of temperatures. This is a powerful tool and further analysis of SNRs
with it could give a great insight into the dust content and survival. In particular,
PPMAP analysis of the Crab Nebula and Cas A would be interesting as the large
amount of literature on these SNRs should allow a good comparison between the
dust property variation and regions with known characteristics.

In Chapter 6 we discussed the properties of the Tornado SNR candidate.
Further analysis of the multi-waveband data might give more of an insight into
the scenario which has formed such a strange structure. In particular, we used
X-ray data for a rough comparison of the location of IR emission; this could be
used more effectively if the X-ray data was reduced to allow a more detailed study
of the structures and likely emission processes. This could also help to determine
whether the Chandra emission close to the location of the X-ray ‘twin’ is associated
with the Suzaku detection, and therefore to reveal more about its nature. In ad-
dition to further study of the Tornado, it would be extremely interesting to study
the FIR properties of the W50 – SS 433 system, which we have suggested could be
analogous to the Tornado. This would both shed more light onto the comparability
of the two systems, and give greater insight into the potential survival of SNR dust
within such an extreme object.

7.3 FINAL REMARKS

This thesis set out to investigate the importance of SNe to the dust budget
of the ISM. By studying Galactic SNRs it was found that dust can survive, with
detections of dust emission associated with SNRs as old as 100 kyr. In this search
we found several interesting objects which contain large masses of dust. Although
much of the dust within most of our FIR detected remnants is likely to be pre-
existing, the findings of this thesis suggest that SNRs may be important contribu-
tors of dust to the ISM. There is still the question of how much dust is destroyed
by SN shocks, yet there are detections of ejecta dust which has survived to a longer
timescale than found in previous studies of remnants, and which, in some cases,
seems to have survived the reverse shock. In particular, this work indicates that
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PWNe are significant and deserving of attention in the search for dust-producing
SNe. There is still more work required to determine the extent to which SNe con-
tribute dust to the ISM and which types of objects are responsible, yet this work
suggests that SNe are important in this.

193





Appendices

195





CHAPTER A
IMAGES OF THE FIRST LOOK CATALOGUE

OF SNRS

In this section we present images of all of the supernova remnants in our
first look sample. The border colour of each image indicates the associated de-
tection level in this study, as given in Table 2.1, where green = level 1, orange =
level 2, magenta = level 3, grey = level 4, and black = unstudied. Herschel images
are presented in Figure A.1, and multi-wavelength images (Herschel, Spitzer IRAC,
Spitzer MIPS, and radio) in Figure A.2.
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Figure A.1: Herschel three colour images of all of the supernova remnants in our
first look sample (Chapters 2 and 3). Colours are red = 250 µm, green = 160 µm, and
blue = 70 µm. Purple crosses indicate the source radio centre from Green (2014) and
cyan crosses indicate the X-ray centre. Magenta diamonds indicate the location
of 1720 MHz OH masers. The border colour indicates the associated detection
level in this study, as given in Table 2.1, where green = level 1, orange = level 2,
magenta = level 3, grey = level 4, and black = unstudied. In some panels dashed
magenta circles and white arrows indicate particular FIR dust emission features
associated with the SNR. X-ray contours are overlaid onto the images of G11.2−0.3
and G15.9+0.2, MIPS contours are overlaid onto G14.1−0.1, and radio contours are
overlaid onto the image of G14.3+0.1.
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Figure A.1: Radio 20 cm contours are overlaid onto the image of G20.4+0.1,
G31.9+0.0, and G33.2−0.6. X-ray contours are overlaid onto the images of
G21.5−0.9, G27.4+0.0, G29.7−0.3, and G33.3+0.1.
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Figure A.1: Radio contours are overlaid onto the images of G39.2−0.3, G43.3−0.2,
G336.7+0.5. X-ray contours are overlaid onto the image of G332.4−0.4
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Figure A.2: Multiwavelength images of the first look catalogue First column: Her-
schel three colour images where colours are red = 250 µm, green = 160 µm, and
blue = 70 µm. Overlaid contours are X-ray unless indicated. Second: Spitzer IRAC
four colour images. Third: Spitzer MIPS 24 µm images. Fourth: Radio images: VLA
20 cm where l < 48.5◦, CGPS 1420 MHz in the range 52 < l < 192◦, and MOST
0.843 GHz where l > 255◦. The border colour indicates the detection level (Table
2.1), where green = level 1, orange = level 2, magenta = level 3, grey = level 4, and
black = unstudied. This is given for this study in the first column, R06 in the sec-
ond column, and PG11 in the third column. Where shown, dashed magenta circles
and white arrows indicate particular FIR dust emission features associated with
the SNR. The Herschel image of G11.2−0.3 includes X-ray contours.
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Figure A.2: MIPS 24 µm contours are overlaid onto the Herschel image of
G14.1−0.1.
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Figure A.2: Radio contours are overlaid onto the Herschel image of G14.3+0.1 and
X-ray contours onto the Herschel image of G15.9+0.2.
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Figure A.2: - continued.
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Figure A.2: Radio contours are overlaid onto the Herschel image of G20.4+0.1 and
X-ray contours onto the Herschel image of G21.5−0.9.
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Figure A.2: X-ray contours are overlaid onto the Herschel image of G27.4+0.0.
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Figure A.2: X-ray contours are overlaid onto the Herschel image of G29.7−0.3 and
radio contours onto the Herschel image of G31.9−0.0.
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Figure A.2: Radio contours are overlaid onto the Herschel image of G33.2−0.6, X-
ray contours onto the Herschel image of G33.6+0.1.
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Figure A.2: Radio contours are overlaid onto the Herschel images of G39.2−0.3 and
G43.3−0.2.
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Figure A.2: Radio contours are overlaid onto the Herschel images of G296.8−0.3,
G304.6+0.1, and G310.6−0.3.
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Figure A.2: Radio contours are overlaid onto the Herschel image of G310.8−0.4 and
X-ray contours are overlaid onto the Herschel image of G332.4−0.4.
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Figure A.2: Radio contours are overlaid onto the Herschel images of G336.7+0.5,
G337.2−0.7, G340.4+0.4, and G340.6+0.3.
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CHAPTER B
THE FULL GALACTIC CATALOGUE OF

SNRS

B.1 GALLERY OF 190 SUPERNOVA REMNANTS OBSERVED

WITH HERSCHEL
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Figure B.1: Herschel three colour images of the locations of all supernova remnants
in our sample. Colours are red = 250 µm, green = 160 µm, and blue = 70 µm. Purple
crosses indicate the source radio centre from Green (2014) and cyan crosses indi-
cate the X-ray centre. The border colour indicates the associated detection level
in this study, as given in Table 2.1, where green = level 1, orange = level 2, ma-
genta = level 3, grey = level 4, and black = unstudied. In some panels dashed ma-
genta circles and white arrows indicate particular FIR dust emission features asso-
ciated with the SNR, gold circles indicate unrelated structure such as HII regions.
Overlaid onto G0.0+0.0, the gold diamonds indicate the location of the associated
neutron star and Sgr A*. The gold diamonds on the image of G9.9−0.8 indicate
the locations of HII regions. VLA GPS 20 cm contours overlaid onto the images
of G0.0+0.0, G7.0−0.1, G7.2+0.2, G8.3−0.0, G9.7−0.0, G9.8+0.6, and G11.0−0.0;
Chandra contours are overlaid onto G1.9+0.3 and G11.2−0.3; 90 cm contours are
overlaid onto G5.5+0.3, G6.4−0.1, G8.7−0.1, G8.9+0.4, and G9.9−0.8.
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Figure B.1: VLA GPS 20 cm contours are overlaid onto G12.5+0.2, G12.7−0.0,
G12.8−0.0, G13.5+0.2, G14.3+0.1, G20.4+0.1 and G24.7−0.6; VLA GPS 90 cm con-
tours are overlaid onto G15.4+0.1; Chandra contours are overlaid onto G15.9+0.2,
G21.5−0.9, and G27.4+0.0; MIPS 24 µm contours are overlaid onto G14.1−0.1;
VGPS 21 cm contours are overlaid onto G23.3−0.3. The gold diamonds over-
laid onto the image of G23.2−0.3 indicate the locations of a gamma ray source
(HESS J1834−087), OH (1720 MHz) maser lines, and other maser emission.
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Figure B.1: Chandra contours are overlaid onto G29.7−0.3 and G33.6+0.1;
VLA GPS 20 cm contours are overlaid onto G31.9+0.0, G33.2−0.6, G39.2−0.3,
G41.5+0.4 G43.3−0.2, and G46.8−0.7; VGPS 21 cm contours are overlaid onto
G40.5−0.5; NVSS 1.4 GHz contours are overlaid onto G45.7−0.4, G65.8−0.5, and
G67.8+0.5.
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Figure B.1: Canadian Galactic Plane Survey (CGPS, 1420 MHz) contours are over-
laid onto G69.7+1.0, G73.9+0.9, G76.9+1.0, G85.4+0.7, G94.0+1.0, G114.3+0.3,
G116.9+0.2, and G127.1+0.5. MOST 843 MHz contours are overlaid onto
G289.7−0.3, G290.1−0.8, G291.0−0.1, G294.1−0.0, G296.1−0.5, G296.8−0.3,
G298.5−0.3, G298.6−0.0, G299.6−0.5, G301.4−1.0, G302.3+0.7, G304.6+0.1, and
G308.1−0.7; Chandra contours are overlaid onto G306.3−0.9.
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Figure B.1: Chandra contours are overlaid onto G332.4−0.4, all other contours are
MOST 843 MHz .
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Figure B.1: MOST 843 MHz contours are overlaid onto G337.2−0.7, G342.2−0.2,
G343.1−0.7, G345.7−0.2, G346.6−0.2, G348.5−0.0, G348.5+0.1, G349.2−0.1,
G351.2+0.1, G351.7+0.8, G351.9−0.9, G352.7−0.1, G3541+0.1, and G354.8−0.8;
MIPS 24 µm contours are overlaid onto G344.7−0.1 and G350.1−0.3; Chandra con-
tours are overlaid onto G349.7+0.2. The diamonds overlaid onto the images of
G350.1−0.3 and G354.1+0.1 indicate the locations of an associated neutron star
and pulsar respectively. All other diamonds indicate the locations of maser emis-
sion.
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Figure B.1: MOST 843 MHz contours are overlaid onto G355.6−0.0; NVSS 1.4 GHz
(white) and Chandra X-ray (cyan) contours are overlaid onto G357.7−0.1; MIPS
24 µm contours are overlaid onto G357.7+0.3. The gold diamond overlaid onto the
images of G357.7−0.1 and G357.7+0.3 indicate the locations of an OH (1720 MHz)
maser and a Mira star respectively.

B.2 PROPERTIES OF THE 190 SUPERNOVA REMNANTS
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Table B.1: Supernova remnants in the Hi-GAL Survey

SNR Name Size a

(arcmin)
PWN b

(FIR)
Age
(kyr) SN Type Hi-GAL d C19 e Dust features f Comparison h References

G0.0+0.0 Sgr A East 3.5x.25 Y (N) 9 Core collapse 2 R 1; 2; 3
G0.3+0.0 15x8 3 R
G0.9+0.1 8 Y (N) 2 − 3 Core collapse 3 R 4
G1.0−0.1 8 3 R 1
G1.4−0.1 10 3 R 1
G1.9+0.3 1.5 ∼ 0.1 3 R 5; 6; 7; 8
G3.7−0.2 14x11 4 R 9
G3.8+0.3 18 4 R 9
G5.5+0.3 15x12 3 R
G6.1+0.5 18x12 4 R
G6.4−0.1 W28 48 10 1 Filaments R 10; 1
G6.5−0.4 18 2 R
G7.0−0.1 15 3 R
G7.2+0.2 12 3 R
G8.3−0.0 5x4 1 Shell R
G8.7−0.1 W30 45 3 R 1
G8.9+0.4 24 3 R
G9.7−0.0 15x11 3 R 11; 1
G9.8−0.6 12 3 R 9
G9.9−0.8 12 2 R
G10.5−0.0 6 2 Y R
G11.0−0.0 11x9 3 R
G11.1−1.0 18x12 1 Y Shell OR
G11.1−0.7 11x7 3 Y R
G11.1+0.1 12x10 1 Y Western shell R
G11.2−0.3 4 Y (Y) 1.4 − 2.4 Type cIIb or Ibc 1 Y Shell RX 12

Central region (PWN)
G11.4−0.1 8 3 Y R 9
G11.8−0.2 4 3 Y
G12.0−0.1 7 Y (N) 0.3 − 3.0 Core collapse 3 Y 13
G12.2+0.3 6x5 4 R
G12.5+0.2 6x5 3 Y R
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Table B.1: Supernova remnants in the Hi-GAL Survey

SNR Name Size a

(arcmin)
PWN b

(FIR)
Age
(kyr) SN Type Hi-GAL d C19 e Dust features f Comparison g References

G12.7−0.0 6 2 R
G12.8−0.0 3 ∼ 0.34 Core collapse 3 R 14; 15
G13.5+0.2 5x4 1i Filaments R 9
G14.1−0.1 6x5 1 Y
G14.3+0.1 5x4 1 Y Partial shell R
G15.4+0.1 15x14 Y (N) ∼ 2.5 Core collapse 3 R 16; 17
G15.9+0.2 7x5 6 2.4 Core collapse 1 Y Partial shell RX 18; 19
G16.0−0.5 15x10 3 R 20
G16.4−0.5 13 1 Y Central region R
G16.7+0.1 4 Y (N) 2.1 Core collapse 3 Y R 21; 1
G17.0−0.0 5 3 Y
G17.4−0.1 6 2 Y R 9
G18.1−0.1 8 5 3 Y R 22
G18.6−0.2 6 ? (N) 13 Core collapse 1 Y Outer filaments R 23
G18.8+0.3 Kes 67 17x11 16 3 Y R 24
G19.1+0.2 27 3 Y
G20.0−0.2 10 Y (N) Core collapse 3 Y R 25; 26
G20.4+0.1 8 3.6 1 Y Shell R
G21.0−0.4 9x7 3 Y R
G21.5−0.9 5 Y (Y) 0.87 Type IIP or Ib/Ic 1 Y Central region (PWN) X 26; 27
G21.5−0.1 5 1 Y Central region R
G21.6−0.8 13 3 Y 28
G21.8−0.6 Kes 69 20 5 3 Y R 29
G22.7−0.2 26 ? (N) 3 Y R 9
G23.3−0.3 W41 27 200 2 R 30; 31; 32
G23.6+0.3 10? 2 Y R
G24.7−0.6 15? 6.4 4 R 9
G24.7+0.6 30x15 12 3 R 33
G27.4+0.0 4C-04.7 4 0.75 − 2.1 SN IIL/b 2 Y R 34; 35

Kes 73
G27.8+0.6 50x30 ? (N) 35 − 55 Core collapse 4 Y 33; 36
G28.6−0.1 13x9 19 3 Y R 37
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Table B.1: Supernova remnants in the Hi-GAL Survey

SNR Name Size a

(arcmin)
PWN b

(FIR)
Age
(kyr) SN Type Hi-GAL d C19 e Dust features f Comparison g References

G29.6+0.1 5 < 8 2 Y R 38; 39
G29.7−0.3 Kes 75 3 Y (Y) < 0.84 Type Ib/c 1 Y Central region (PWN) RX 39; 40

Partial shell
G30.7+1.0 24x18 4 9
G31.5−0.6 18? 3 9
G31.9+0.0 3C391 7x5 4 1 Y Partial shell 41

Northwestern radio bar
G32.1−0.9 40? 12 3 R 42
G32.4+0.1 6 3 Y 43
G32.8−0.1 Kes 78 17 6 3 Y 44; 45
G33.2−0.6 18 1 Y Western shell R 9
G33.6+0.1 Kes 79 10 4.4 − 6.7 Type II 2 Y R 45; 46
G34.7−0.4 W44 35x27 Y (N) 2 Core collapse 1 Y North and western shell R 47; 48

Central filaments
G35.6−0.4 15x11 2.3 2 Y R 48; 49
G36.6−0.7 25? 3 R
G39.2−0.3 3C396 8x6 Y (N) 7 1 Y Western shell R 49; 50
G40.5−0.5 22 3 R 51
G41.1−0.3 3C397 4.5x2.5 1.35 − 1.75 Type Ia 3 Y R 50; 52
G41.5+0.4 10 ? (N) 3 R 53
G42.0−0.1 8 3 R
G42.8+0.6 24 4 9
G43.3−0.2 W49B 4x3 1 − 4 Bipolar Ib/Ic 1 Y Fe/radio loop R 54; 55; 56; 57

H2 filament
G45.7−0.4 22 3 R 9
G46.8−0.3 (HC30) 30 3 R 58
G49.2−0.7 (W51) 30 Y (?) 30 Core collapse 4 59; 60; 61; 1
G54.1+0.3 12? Y (Y) 2 Core collapse 1 Y PWN southern rim 62
G54.4−0.3 (HC40) 40 95 1 Y Outer filaments 63
G55.0+0.3 20x15? ≤ 1900 2 Y 64
G57.2+0.8 12? ? (N) 3 R 65
G59.5+0.1 15 86 3 66; 67

223



Table B.1: Supernova remnants in the Hi-GAL Survey

SNR Name Size a

(arcmin)
PWN b

(FIR)
Age
(kyr) SN Type Hi-GAL d C18 e Dust features f Comparison g References

G64.5+0.9 8 3 68
G65.1+0.6 90x50 ? (?) 40 − 140 Core collapse 3 68
G65.8−0.5 10x6? 1 Eastern structure OR 69
G66.0−0.0 31x25? 4
G67.6+0.9 50x45? 3 Partial shell
G67.8+0.5 7x5 1 OR
G69.7+0.9 16x14 3 R 9
G73.9+0.9 27 3 R
G76.9+1.0 9 ? (N) < 40 Core collapse 3 R 70
G83.0−0.3 9x7 -
G84.2−0.8 20x16 9 - 71
G85.4+0.7 24? Core collapse 3 R 72
G85.9−0.6 24 Type Ia - 72
G93.7−0.2 80 - 73
G94.0+1.0 3C434.1 30x25 7.9 Core collapse 3 R 74
G108.2−0.6 70x54 - 31
G109.1−1.0 28 14 - 75; 76
G113.0+0.2 40x17 - 77
G114.3+0.3 90x55 7.7 Core collapse 3 R 78
G116.9+0.2 CTB 1 34 13.1 Core collapse 4 R 78; 79; 80
G127.1+0.5 R5 45 20 − 30 3 R 81
G205.5+0.5 Monoceros Nebula 220 30 - 82; 83
G213.0−0.6 160x140 - 84
G289.7−0.3 18x14 3 R 9
G290.1−0.8 MSH 11-61A 19x14 Y (N) 50 Core collapse 3 R 85; 86
G291.0−0.1 (MSH 11-62) 15x13 ∼ 1.3 Core collapse 3 R 87; 88
G292.2−0.5 20x15 Y (N) 1.7 Core collapse 3 X
G293.8+0.6 20 -
G294.1−0.0 40 3 R
G296.1−0.5 37x25 28 Core collapse 3 R 89; 90
G296.7−0.9 15x8 3 R
G296.8−0.3 1156-62 20x14 2 − 10 3 Y R 91
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Table B.1: Supernova remnants in the Hi-GAL Survey

SNR Name Size a

(arcmin)
PWN b

(FIR)
Age
(kyr) SN Type Hi-GAL d C19 e Dust features f Comparison g References

G298.5−0.3 5? 3 R 92
G298.6−0.0 12x9 1 Outer filaments XR 93
G299.6−0.5 13 3 R 9
G301.4−1.0 37x23 3 R 9
G302.3+0.7 17 3 R 9
G304.6+0.1 Kes 17 8 28 − 64 Core collapse 1 Y Western shell R 94
G306.3−0.9 4 2.3 Type Ia 1 Inner region XR 95; 96
G308.1−0.7 13 3 R 9
G308.8−0.1 30x20? ≤ 32.5 Core collapse 3 R 97; 98
G309.2−0.6 15x12 0.7 − 4 3 R 99
G309.8+0.0 25x19 2 Shell R 100
G310.6−0.3 Kes 20B 8 3 Y R 9
G310.8−0.4 Kes 20A 12 1 Y R 101
G311.5−0.3 5 25 − 42 1 Y Shell 102
G312.4−0.4 38 50 Core collapse 3 R 103
G315.4−0.3 24x13 3 O 9
G315.9−0.0 The Frying Pan 245x14 Y (N) 10 Core collapse 3 R 104; 105
G316.3−0.0 (MSH 14-57) 29x14 3 R 106
G317.3−0.2 11 3 R 9
G318.2+0.1 40x35 3 R
G318.9+0.4 30x14 3 R
G321.9−0.3 31x23 3 R 9
G322.1+0.0 8x4.5? 4.6 3 RX 107
G322.5−0.1 15 3 R 108
G323.5+0.1 13 3 R 9
G327.2−0.1 5 ≤ 1.4 3 108
G327.4+0.4 Kes 27 21 2.4 or 5.3 3 R 109
G327.4+1.0 14 3 R 9
G328.4+0.2 (MSH 15-57) 5 Y (N) 10 Core collapse 3 109
G329.7+0.4 40x33 3 R
G330.2+1.0 11 3.1 Core collapse 3 R 109; 110
G332.0+0.2 12 3 Y
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Table B.1: Supernova remnants in the Hi-GAL Survey

SNR Name Size a

(arcmin)
PWN b

(FIR)
Age
(kyr) SN Type Hi-GAL d C18 e Dust features f Comparison g References

G332.4−0.4 RCW 103 10 2 Type IIP 1 Y Southern arc X 111; 112
G332.4+0.1 MSH 16-51 15 3 3 Y 113

Kes 32
G335.2+0.1 21 3 R 114
G336.7+0.5 14x10 3 Y R 9
G337.0−0.1 21 70 3 R 115; 116
G337.2−0.7 6 0.75 − 3.5 Type Ia 2 Y RX 117; 118
G337.2+0.1 3x2 Y (N) 1.5 Core collapse 3 R 119
G337.3+1.0 Kes 40 15x12 3 R 9
G337.8−0.1 Kes 41 9x6 3.3 3 R 120; 121
G338.1+0.4 15? 3 R 9
G338.3−0.0 8 Y (N) 6.8 Core collapse 3 R 122; 123
G338.5+0.1 9 5 − 17 3 R 124; 17
G340.4+0.4 10x7 3.1 3 Y R 125
G340.6+0.3 6 2.6 1 Y Shell R 125
G341.2+0.9 22x16 Y (N) 32.6 Core collapse 3 Y 126
G341.9−0.3 7 5 3 Y 125
G342.0−0.2 12x9 11.7 3 Y R 125; 9
G342.1+0.9 10x9 3 9
G343.1−0.7 27x21 3 R 9
G344.7−0.1 8 3 Type Ia 1 Y North-central region XR 127; 128
G345.7−0.2 6 2 Y R 9
G346.6−0.2 8 47 Type Ib/Ic/II 2 Y R 129; 1
G347.3−0.5 RX J1713.7-3946 65x55 1.59 − 2.1 Type Ib/c 3 Y 130
G348.5−0.0 10? 1 Y Arc R 129
G348.5+0.1 CTB37A 15? ? (N) 32 − 42 1 Y North arc R 131; 129; 1

Breakout region
G348.7+0.3 CTB 37B 17? 5 Core collapse 1 Y NE shell R 132
G349.2−0.1 9x6 4 Y R
G349.7+0.2 2.5x2 1.8 Core collapse 1 Y East shell R 133; 134; 1
G350.1−0.3 4? 0.6 − 1.2 Core collapse 1 Ejecta R 135; 136; 134
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Table B.1: Supernova remnants in the Hi-GAL Survey

SNR Name Size a

(arcmin)
PWN b

(FIR)
Age
(kyr) SN Type Hi-GAL d C19 e Dust features f Comparison g References

G351.2+0.1 7 1 North bar and centre R 137
G351.7+0.8 18x14 ≤ 68 3 R 138
G351.9−0.9 12x9 3 R
G352.7−0.1 8x6 1.6 Type Ia 3 R 139; 140; 141
G353.6−0.7 HESS J1731-347 30 2 − 6 Core collapse 3 R 75; 142; 143
G354.1+0.1 15x3 26 Core collapse 2 R 126
G354.8−0.8 19 3 R 9
G355.4+0.7 25 3 R
G355.6−0.0 8x6 20 2 R 9; 144
G356.3−0.3 11x7 3 R 9
G357.7−0.1 MSH 17-39 8x3? 1 Head and tail regions R 1

The Tornado
G357.7+0.3 The Square Nebula 24 ≤ 6.4 2 R 145; 1
G358.1+1.0 20 3 R
G358.5−0.9 17 3 R
G359.0−0.9 23 3 R 9
G359.1−0.5 24 ≥ 100 3 R 1; 146
G359.1+0.9 12x11 2 R 9

a Radio size from Green’s catalogue. b ‘Y’ indicates that a source contains an associated PWN, ‘?’ indicates an unconfirmed PWN candidate. FIR
detection of the PWN is indicated in brackets. Level of detection for each SNR is listed for the following surveys: d Herschel Hi-GAL (PACS & SPIRE,
C19 (Chawner et al., 2019) and this work); ‘-’ indicates that the source is not covered by the HiGAL survey. e Sources marked with ‘Y’ were studied by
C19. f Location of FIR detected dust features. g Waveband of previous detection to which FIR structure is compared: O = optical, R = radio, X = X-ray.
References for age and SN type on next page.
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CHAPTER C
CHECKING PPMAP OUTPUT

C.1 PPMAP FLUX CHECK

PPMAP fluxes are estimated from the dust mass in each temperature slice,
assuming a distance to The Tornado of 6 kpc. Initially the mass and therefore the
flux within an aperture with radius of 0.021◦ is found for each temperature slice.
The aperture size was chosen to encapsulate the majority of the Tornado head and
exclude the HII region to the west of the head. For comparison the flux was mea-
sured in the same from the and Spitzer maps (24 µm – 500 µm). As shown in Fig-
ure C.1, it was found that the PPMAP flux estimates were significantly underes-
timated compared with those from the flux maps. There are a number of factors
which could have affected our flux estimates:

• the background level may have been underestimated when measuring the
source flux from the flux maps;

• our lower limit on the PPMAP temperature range may have been too high,
therefore excluding a large mass of dust at the coolest temperatures;

• when measuring from the flux maps the aperture may have included some
contribution from the HII region to the west of the head.

The first stage is to check that the background level had not been under-
estimated. To do this the aperture photometry is completed with three different
methods of background subtraction:

• an annulus is placed around the source within inner and outer radii of 0.0318◦

and 0.0404◦ respectively where the average value gives the background level
to be subtracted from the measured source flux;
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Figure C.1: The flux from the Tornado head estimated by PPMAP and by aperture
photometry. There is a large inconsistency between the PPMAP and aperture pho-
tometry fluxes. Three methods are used to estimate the background level which all
give consistent results. Varying the limits of the PPMAP temperature range alters
the PPMAP fluxes slightly but cannot reduce the inconsistency significantly.

• the Tornado head is masked, and the remaining map sigma clipped, the aver-
age value of the resultant map is used for a background level and subtracted
from the measured source flux;

• the Tornado head is masked and filled with linearly interpolated background
emission, then the full map is smoothed with a Gaussian kernel with FWHM
of 100′′ giving a smooth estimate of the local background emission, which is
subtracted from the flux maps.

As shown in Figure C.1 in all three cases the estimated background level is
roughly consistent and does not reduce the difference in the PPMAP and aperture
photometry fluxes.

After ruling out that the flux inconsistency is caused by a variation in the
estimated background level, we reduce the lower bound of the PPMAP tempera-
ture grid. We find that this gives a slightly greater flux for all of the wavebands
other than 24 µm although this is not enough to account for the difference with the
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Figure C.2: Flux maps of the Tornado head with a Gaussian smoothed background
subtracted. The rings indicate the apertures used to find the fluxes shown in Fig-
ure C.3, which have radii between 0.01◦ and 0.026◦ increasing in steps of 0.001◦.

aperture photometry fluxes, as shown in Figure C.1.

Next, we investigate whether the issue may be due to the size of the aper-
ture. We vary the aperture radius between 0.01◦ and 0.026◦ in steps of 0.001◦ whilst
keeping the aperture centred at the same location, as shown in Figure C.2, and re-
measure the source flux within. As seen in Figure C.3, the measured flux is only
consistent with the PPMAP fluxes for some of the smallest apertures at 24 and
70 µm. These small apertures exclude large parts of the Tornado head and it is
not expected that this accurately represents the flux of the source and we can rule
out that the flux inconsistency is caused by an oversized aperture including any
contribution from the HII region.

Finally, it may be that the issue is caused during the PPMAP run. The re-
duced χ2 for each band is above 100, suggesting that PPMAP is unable to converge
effectively to a solution. To account for this we first try increasing the number of it-
erations and determining the local noise level more effectively, both of which have
little effect. As there are bright point sources in the 24 and 70 µm images it may be
that PPMAP overfits these points and fails to converge on the region of interest. We
artificially increase the 24 µm noise by a factor of∼10 and mask the bright sources,
replacing them with average values form background pixels. This prevents PPMAP

from overfitting the 24 µm flux, which is not necessarily important to constrain the
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Figure C.3: The flux measured by aperture photometry when varying the aperture
radius. The PPMAP flux only intersects the aperture photometry flux for the 24
and 70 µm wavebands, and only for the smaller apertures. In these cases some of
the brightest parts of the Tornado head have been excluded from the aperture (see
Figure C.2) and this result does not represent the source flux.

dust mass and may be contaminated by line emission or emission from warm dust.
Doing this gives us PPMAP results which match the fluxes estimated with aperture
photometry.
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Kothes R., UyanÄśker B., Reid R. I., 2005, A&A, 444, 871

Kozasa T., Hasegawa H., Nomoto K., 1991, A&A, 249, 474

Kozasa T., Nozawa T., Tominaga N., Umeda H., Maeda K., Nomoto K., 2009, in
Cosmic Dust - Near and Far ASP Conference Series, Vol. 414

Krause O., Birkmann S. M., Rieke G. H., Lemke D., Klaas U., Hines D. C., Gordon
K. D., 2004, Letters to Nature, 432, 596

Kumar H. S., Safi-Harb S., Slane P. O., Gotthelf E. V., 2014, ApJ, 781, 41

Lacey C. K., Lazio T. J. W., Kassim N. E., Duric N., Briggs D., Dyer K. K., 2001, ApJ,
559, 954
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