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Cardiff has been my brilliant home for the past 7 years, and the Cardiff

University School of Physics and Astronomy has been a fantastic place to study. In

1 Namely, a drained, quasi-human husk who dreams in Python and IATgX. Honestly, a few days
ago I was woken by my alarm clock, and whilst struggling to turn it off I grumbled, ‘Ugh, why
won't it compile?’
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particular, I cannot image a better, or more welcoming, working environment than
the galaxies office. There has always been someone happy to lend a hand on those
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importantly, my splendid officemates have provided a steady stream of persiflage,
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contempt for Frodo (my computer); when the time comes for you to pass to the
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of a great big sledgehammer®*. Although I suspect that the omnipotent computing

support dynamic duo of Richard and Rodney might object.

The postgrads and postdocs of this department have made my time as a
PhD student a happy one. The institutions of coffee time, cake day ™, postgrad
lunch, and Friday pub have become pillars of my week. Without you all, my time
here would not have been half so memorable as it has been, so thank you An-
drew, Chris, Ciara®, Craig, Dave, Dave, Duncan, Edward, Ellis, Erin, Frank, Fraser,
Geraint, Gernot, Ian, Jo®, Laura’, Mark, Mark, Martyn, Matt, Maxime, Oli®, Patri-
cia’, Peri, Pete, Peter, Ryan, Sam, Seamus, Seb, Scott, Tom, Tom, Tom, and all of the
other people I have no doubt neglected to include. I should also say that amongst
the great unwashed hoards of undergraduates who insist upon clogging up the
department’s corridors for half the year, there are a few diamonds in the rough
who it has been my pleasure to teach and know. And, of course, I would be utterly
mad if I didn’t pay tribute to the admin and technical staff of department, its true
puppet-masters, without whom we would long ago all have died of dysentery or

somesuch; particular thanks to Steven, who is officially the best lab technician in

https://new.livestream.com/FosterKittenCam

Or, in Robbie’s case, until he ran off to the loving, cash-filled embrace of industry.
Wreathed in flame.

Pseudo-benevolent ruler of Obs Tech.

And her chocolate brownies.

Cake Queen extraordinaire

King of pulchritudinous shirts.

Sponsored by Old Rosie.
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the country'?, and Nicola, who is no doubt already plotting to get me helping out
at UCAS days again.
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no doubt a whole bunch low-surface-brightness galaxies totally messing up your
findings.

No discussion of the academics to whom I owe a great deal would be
complete without mention of Loretta Dunne. Her contribution to global inter-
continental email traffic has been truly astounding —but no less so than her insight
and guidance, which have no doubt have made me a better scientist. I would also
like to mention the marvellous people of .Astronomy'!; a community which has
made me continually consider what sort of astronomer I want to be. And I'm grate-
ful to my examiners, Steven Phillipps and Enzo Pascale, for the improvements to
this thesis that have arisen from their comments.

This list would be woefully incomplete without mention of the fellow
physics students who made my undergraduate degree so enjoyable!?. Likewise,
the people I've lived with during my time in Cardiff (namely Amlyn, Becca, Huw,
Ian, Jake, Jonny, Megan, Nye, Penny, Phil, and Ruth) have kept my life outside
physics thoroughly entertaining.

Last, but quite the opposite of least, my heartfelt gratitude goes out to my
supervisor, Haley Gomez. Despite knowing full well what she was letting herself
in for, she took me on as her student, and has been the most magnificent teacher I
could possibly hope for — tolerating my stubbornness, know-it-all-ism, and fond-
ness for really rather odd sentence structure. Thank you so very much.

Well, I suppose there’s nothing left now except to actually, you know, get on
with the thesis. For those of you who can’t be bothered to slog through all ~ 250
pages, Figures 6.7 and 3.2 are really quite spectacularly lurid, Chapter 3 is mostly

pretty pictures, and Figures 7.9 and 7.11 more or less explain everything.

WO nttp://www.astro.cardiff.ac.uk/newsandevent s/?page=news_detail&news=0141
Hnttp://dotastronomy. com/
12 No, I'm not listing all of you by name, for you are legion.
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ABSTRACT

‘Say in ten sentences what others say in a whole
book.”

FRIEDRICH NIETZSCHE

SING multiwavelength observations, centred around the unique far-
infrared and submillimetre window provided by the Herschel Space Ob-
servatory, this thesis investigates the origins and evolution of cosmic

dust in the local Universe — by examining individual sources of dust in our own
galaxy, and by studying dust in nearby galaxies.

I search Herschel observations of the remnants of Kepler’s (SN1604) and Ty-
cho’s (SN1572) supernovee, both Type-la explosions, for evidence of dust creation
by these events. Being the only Type-la supernova known to have occurred in our
Galaxy within the past 1,000 years, these remnants are the only ones both close
enough to resolve, and young enough that they are dominated by their ejecta dy-
namics. There is no indication of any recently manufactured dust associated with
either supernova remnant. It therefore appears that Type-la supernovee do not
contribute significantly to the dust budgets of galaxies.

The Crab Nebula, the result of a Type-II supernova (SN1054), is also investi-
gated using Herschel and multiwavelength data. After accounting for other sources
of emission, a temperature of T; = 63.1 K and mass of M; = 0.21 My, is derived for
the Crab Nebula’s dust component. I create a map of the distribution of dust in the
Crab Nebula, the first of its kind, by means of a resolved component separation,
revealing that the dust is located in the dense filamentary ejecta. We can be confi-
dent that this dust will survive in the long term, and be injected into the galactic

dust budget. This is the first detection of manufactured supernova dust for which
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this can be said.

Next I use the Herschel-ATLAS to assemble HAPLESS: the Herschel-ATLAS
Phase-1 Limited Extent Spatial Sample — a blind, volume-limited, dust-selected
sample of nearby galaxies. The majority of this sample is made up of curious very
blue galaxies. Often irregular and/or flocculent in morphology, with extremely
blue UV-NIR colours, these galaxies appear to be prominent in the local dusty

universe.

In the absence of reliable photometry for the HAPLESS galaxies, I describe
the function and testing of a purpose-built photometric pipeline - CAAPR: Chris’
Adequate Aperture Photometry Routine. The photometry conducted with CAAPR
exhibits flux greater by factors of, on average, 1.6 in the FUV and 1.4 in r-band,

relative to the previously-available photometry.

In comparison to other surveys of dust in local galaxies, the HAPLESS sys-
tems show a strong propensity towards very late morphological types and ex-
tremely blue FUV-Kg colours. The dust in the HAPLESS galaxies appears to be
very cold, with a median temperature of 14.6 K. They are also exceptionally dust
rich, with a median dust mass of 5.3 x 10° Mg, and a median M,;/ M, of 4.4 X 103
— greater by a factor of 1.8-3.7 than that seen in other local surveys. The curious
very blue HAPLESS galaxies, whilst accounting for only 6% of the stellar mass in
our sample, contain over 35% of the dust mass. I show that the more dust-rich a
galaxy (as defined by M;/M.,), the smaller the fraction of its UV luminosity that
suffers dust absorption — this effect is observed to be particularly dramatic in the
case of the curious very blue objects. Either the emissivity or geometry of the dust

in these systems must be highly unusual.

HAPLESS suggests a dust mass volume density of the local universe of
(3.7 4 0.7) x 10° Mg Mpc—3; the largest value reported to date. The HAPLESS
250 pm luminosity function is in good agreement with surveys of far larger vol-

umes, suggesting that we do not sample an over-dense region of space.

The HAPLESS galaxies are extraordinarily gas rich; the median HAPLESS
gas fraction is 0.52, and 19% of the sample have gas fractions >0.8. The median

HAPLESS gas-to-dust ratio is ~260, 2-3 times larger than in other local surveys.
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The very blue galaxies of the sample are found to be particularly gas rich; a chem-
ical and dust evolution model indicates that they are at an early stage of convert-
ing their gas into stars. A dust-selected survey such as H-ATLAS is a particularly
efficient way of identifying young systems of this kind, which should therefore

provide valuable insights into the chemical evolution of young galaxies.
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CHAPTER 1
INTRODUCTION

“An object may not only contain stars, but also

nebulosity not composed of them.’

SIR WILLIAM HERSCHEL

ALF of all the photons emitted by stars since the Big Bang have been
H absorbed by grains of cosmic dust. In the space of a century, dust has
gone from being a nuisance, an obstacle in the way of conducting ‘real’
astronomy, to becoming one of the most powerful ways we have of understanding
the evolution of matter.

Dust enshrouds some of the most fascinating and important environments
in the Universe. New stars are born in dense interstellar clouds, impenetrable to
optical light due to the effects of dust. The optical and ultraviolet emission of the
most aggressively star-forming galaxies in the Universe is almost totally obscured
by the large amounts of dust they contain. But as dust absorbs these shorter wave-
lengths of light, it thermally re-radiates them at longer, far-infrared and submil-
limetre wavelengths — to which dust is entirely transparent. So by observing this
longer-wavelength emission we have a way to retrieve the ‘stolen starlight” and
probe regions of space that were hitherto hidden from view (see Figure 1.1).

Dust also provides us with a way to understand the chemical evolution of
the universe, in which it plays a vital role. The Big Bang created only the simplest
of elements; hydrogen, helium, and lithium. All of the heavier elements in exis-
tence today — the so-called “metals” — were forged by the lives, and deaths, of stars.
It is in the deaths-throes of stars that dust is made; and of all the atoms of heavy

elements found in interstellar space, half are locked up in dust (Whittet, 1992).

1
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FIGURE 1.1 The Andromeda Galaxy, as it appears in optical (upper), showing emission
primarily from stars, and in the submillimetre (lower), showing the emission from dust.
The dust lanes stand out as being dark in the optical; absorbing the light from the stars
located behind them, and the star-formation occurring within them. Reproduced from
Smith et al. (2012b), with permission.
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FIGURE 1.2 Herschel in the final stages of construction at the European Space Technology
and Engineering Centre (ESTEC) in Noorwijk, the Netherlands. Image credit: ESA.

Dust is also vital for converting basic elements into complex molecules. It
catalyses the formation of molecular hydrogen (Gould & Salpeter, 1963), the raw
material from which stars are made; and most of the water in the Universe was
formed on the surface of dust grains. So as well as serving as a window with which
to watch the births of stars, dust also enables that very process, and furthermore
acts as the production site, and reservoir, of the complex materials which go on to
to form planets around those stars — and whatever life they carry.

In this thesis, I use far-infrared and submillimetre observations, undertaken
by the Herschel Space Observatory, to investigate the origins and evolution of dust

in galaxies.

1.1 THE HERSCHEL SPACE OBSERVATORY

The Herschel Space Obervatory (Pilbratt et al., 2010), operated by the Euro-
pean Space Agency (ESA), was launched on 14" May 2009. Herschel is the largest
telescope ever sent into space; its 3.5 m primary mirror (see Figure 1.2) has a diam-

eter 50% greater than (therefore providing more than double the collecting area of)
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FIGURE 1.3 The atmospheric transmission of submm and mm wavelengths at the sum-
mit of Mauna Kea, one of the best locations on Earth for observations in this part of the
spectrum. There are limited atmospheric windows available, and they are mostly at longer
wavelengths — where dust emission is typically many times fainter (Section 1.2.1) than at
shorter wavelengths, at which observations are either even more difficult, or altogether
impossible. Below the 300 pm x-axis limit of this plot, in the FIR regime, transmission
is essentially nil until wavelengths of <25pum. Note the extreme dependence of submm
atmospheric transmission upon the level of Precipitable Water Vapour (PWV) in the atmo-
sphere, as indicated by the two lines plotted. Note also that both of the lines represent
exceptionally good observing conditions — optical depths of 725 < 0.1 (the black line) ac-
count for <10% of nights on Mauna Kea, whilst conditions as good as T»5 < 0.03 (the
grey line) are extremely rare, representing the best few nights each year. Reproduced from
Casey et al. (2014), with permission.

the 2.4 m primary mirror of the Hubble Space Telescope, the previous record holder.
The justification for Herschel’s exceptionally large mirror, and the reason it was nec-
essary for the telescope to operate in space, is the nature of the Far-InfraRed (FIR,
50 2 A 2 200 pm) and sub-millimetre (submm, 200 2 A 2 1000 um) wavelengths
Herschel is designed to observe.

The FIR and submm wavelength range is the region of the electromagnetic
spectrum that encompasses the emission from the 90% (Devereux & Young, 1990)
of cosmic dust (Section 1.2) too cold to be detected at shorter InfraRed (IR) wave-
lengths. However, these wavelengths are notoriously difficult to observe (Swin-
yard & Wild, 2010). Some atmospheric windows exist in the submm regime,
allowing limited observations to be made from exceptionally arid, high-altitude
Earth-based sites such as the Atacama Plateau, and summit of Mauna Kea, as il-

lustrated in Figure 1.3. However, even when observing at the best-suited locations
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on the planet, significant levels of atmospheric absorption and background emis-
sion must still be overcome. In the FIR, however, observations remain impossible,
even from locations such as these. Moreover, atmosphere notwithstanding, it is
more difficult to create instrumentation capable of detecting astronomical FIR and
submm emission than for any other part of the spectrum (Section 1.1.1). As a result
of these difficulties, the FIR and submm represent the last part of the electromag-

netic spectrum to be explored by astronomers.

Herschel represents a major advance in FIR and submm astronomy. Named
for 18" Century astronomer Sir William Herschel, the discoverer of infrared light
(and one of the first astronomers to consider objects beyond our Solar System wor-
thy of serious study), the design concept for Herschel was first proposed in 1982,
and selected in 1993 to be the fourth cornerstone mission of ESA’s science pro-
gram. The 3.5 m diameter of the primary mirror is over 4 times greater than that of
any previous orbital telescope operating in this wavelength range, and was limited
only by the space available inside the Ariane V rocket used to launch Herschel into
orbit.

Having the largest possible mirror is a vital aspect of Herschel’s design —
an aperture of a given size will have diffraction-limited resolution ~ 1,000 times
worse at submm wavelengths than it will in the optical. Herschel requires the best
possible resolution not only to permit the study of objects of smaller angular sizes,
but also for the sake of sensitivity. Observations at poor angular resolution are
particularly susceptible to confusion noise — the effect whereby unresolved sources
(such as distant galaxies) ‘overlap’, preventing the detection of individual objects
fainter than a certain limit. Sharper images, provided by improved resolution,

reduce this effect.

Observations at submm wavelengths are especially vulnerable to confusion
noise due to negative k-correction — a phenomena which causes distant objects to
appear as bright as more nearby sources. Naively, the apparent brightness of an
object decreases with the inverse square of its distance. But for a typical submm
source, a progressively more luminous part of the Spectral Energy Distribution
(SED) will be sampled (at a given wavelength of observation) as the SED gets red-
shifted — counteracting the effect of a source’s distance. By making distant objects
appear as bright as those nearby, negative k-correction dramatically increases the
number of distant galaxies that can be detected by Herschel at a given observational
depth. Whilst this is hugely beneficial to the study of the early universe, it also has

the effect of worsening confusion noise.
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In order to further increase the sensitivity it can achieve, Herschel’s instru-
ments are cooled to extremely low temperatures. Instrumental noise is a significant
problem for FIR and submm telescopes. Observing in the FIR and submm allows
us to detect the thermal emission from objects at temperatures of < 100 K; however,
this includes the temperature of Herschel itself. Herschel therefore emits light in the
very wavelengths it is designed to detect. This has been compared to trying to
detect optical light using a camera that is on fire. To mitigate this effect, Herschel’s
instruments are cooled using a multi-stage cryostat; the bulk of the instrumen-
tation operates at 1.7 K, whilst the detectors are cooled to an operating tempera-
ture of 300 mK; cold enough that their own FIR and submm thermal emission is
rendered minimal, greatly reducing instrumental noise (the 85K primary mirror
actually represents the primary source of instrumental noise during normal oper-
ation). This cooling is achieved using a reservoir of liquid helium that gradually
boils away into space, taking with it the small amounts of heat that Herschel gener-
ates though its operation, and absorbs from the Sun (which is itself minimised by
means of a sunshield). However, this reservoir is limited, and dictates the lifetime
of Herschel’s mission — the last of the liquid helium was exhausted on 29 April
2013, almost 4 years after launch.

1.1.1 HERSCHEL'S INSTRUMENTS

Herschel carries three instruments — SPIRE, PACS, and HIFI — which in com-
bination provide full photometric and spectroscopic coverage of the 52-670 um
wavelength range. Here, for completeness, I describe all of the instruments on

board Herschel; however, only data from the photometers is used in this work.

1.1.1.1 HIFI

The Heterodyne Instrument for the Far-Infrared (HIFI, de Graauw et al,,
2010) is Herschel’s dedicated spectrometer. HIFI observed across two wavelength
ranges, 157-212 ym and 240-625 pm, at a spectral resolution of A/AA ~ 107. HIFI
was designed to study the astrochemistry of the densest regions of the InterStellar
Medium (ISM), where effectively all short-wavelength photons are absorbed, by
studying the FIR cooling lines of the various atomic and molecular species found
there. HIFI was also well-suited to the study of cool Solar System objects.
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1.1.1.2 SPIRE

The Spectral and Photometric Imaging REceiver (SPIRE!, Griffin et al., 2010)
is Herschel’s longest-wavelength instrument, designed to observe in the hitherto
under-exploited submm regime, across a wavelength range of 190-670 um. This
wavelength range covers the beginning of the Rayleigh-Jeans slope of cold inter-
stellar dust, allowing for the accurate determination of dust temperatures, and per-
mitting SPIRE to take full advantage of the effects of negative k-correction. SPIRE
consists of both a spectrometer and photometer; in both cases, the detectors used

are bolometers.

As previously described, the submm is an extremely difficult part of the
spectrum in which to conduct observations. At shorter wavelengths, it is possible
to use photoconductors, instruments for which the amount of incident radiation
alters the electrical conductivity of the detector, an effect which can be measured.
However, in order for photoconductors to function, the energy of the incident pho-
tons must be at least as great as the energy required to excite an electron across the
photoconductor’s band gap. However, the long wavelength of submm photons
means that they posses insufficient energy to achieve this. At wavelengths longer
than the submm, it becomes possible to use antennae to detect incident radiation.
However, the submm lies in the gap in between the wavelength ranges covered by

these two detection methods.

Bolometery was the best technique available for performing submm as-
tronomy when Herschel was designed, and is the detection method employed by
SPIRE. A bolometer absorbs incoming radiation; the absorbing element will typi-
cally be a thermistor cooled to an extremely low temperature, such that even small
amounts of low-energy incident radiation are sufficient to raise the temperature
of the absorber enough to change the resistive properties of the thermistor to a

measurable degree.

The bolometers used by SPIRE are of a spider-web design, which maximises
the detector’s collecting area, whilst minimising the overall bulk. This reduces the
heat capacity of each element, thereby increasing both the sensitivity and response
time of the detector. Spider-web architecture also has the benefit of reducing the
detector cross-section to cosmic rays, which give rise to artefacts in the instrument
output. Spider-web bolometers are employed for both SPIRE’s photometer and
spectrometer.

1 http://herschel.esac.esa.int/twiki/bin/view/Public/SpireCalibrationWeb
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The SPIRE spectrometer is a Fourier Transform Spectrometer (FTS); a mir-
ror in the light path shifts position, causing different wavelengths of light to to
undergo different modes of interference. The varying intensity of light being trans-
mitted by the mirror as it moves encodes the spectrum of the band being observed.
The SPIRE FTS observes in two overlapping bands, spanning 194-313 um and 303-
671 um, with a spectral resolution of A/AA ~ 370-1300. Each band employs an
array of bolometers to provide resolved spectroscopy of the target region.

The SPIRE photometer observes in three wavebands, each with a band-
width A/AA ~ 3. These bands have approximate central wavelengths of 250,
350, and 500 um, observed with arrays of 139, 88, and 45 bolometers respectively.
SPIRE uses dichoric (Ade et al., 2006) beam-splitters to observe in all three pho-
tometric bands simultaneously. The SPIRE photometer has a 8’ x 4’ field of view,
although a full sampling of the field requires the instrument to scan across the tar-
get area, continuously taking observations. The key parameters of each of SPIRE’s
photometric bands are given in Table 1.1.

The SPIRE photometer can observe in several different modes. Small map
mode provides coverage of a 5 region of sky (plus high-noise turnaround regions
to the edges), making it suitable only for individual point or slightly-extended
sources; small maps are always scanned at a speed of 30" s~!. Large map mode
allows the coverage of arbitrarily-sized regions of sky; large maps can either be
scanned at a normal speed of 30”s~!, or a fast speed of 60"”s~!. The SPIRE
photometer can also be operated in parallel with the PACS photometer (Sec-
tion 1.1.1.3). When observing large areas of sky, parallel mode allows a given
observational depth to be achieved with both instruments far more quickly than
would be possible using one instrument, then the other. Mapping in parallel mode
proceeds similarly to large map mode, with a slight change in scan direction to
allow optimal sampling of both the PACS and SPIRE bolometer arrays. Paral-
lel mode mapping can be conducted at fast speed of 60”51, or a slow speed of
20" s71.

SPIRE maps are typically produced by performing orthogonal scans over
the region of interest; doing so allows any time-variant noise associated with the
detector to be removed from the final map.
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1.1.1.3 PACS

The Photodetector Array Camera and Spectrometer (PACS?, Poglitsch et al.,
2010) is a FIR photometer and spectrometer, that operates across the 60-210 pm
wavelength range, where the emission from cold interstellar dust typically peaks;
PACS can observe this emission with a resolution vastly exceeding that of any
previous FIR observatory — 4 times better than that of Spitzer (Werner et al., 2004),
and almost 6 times better than that of the InfraRed Astronomical Satellite (IRAS,
Neugebauer et al., 1984).

The PACS spectrometer is an Integral Field Unit (IFU) instrument, with
spectral resolution of A/AA ~ 1000—4000. It has a 47" x 47" field of view, sam-
pled by a 5 x 5 array of photoconductor spaxels.

The PACS photometer consists of two filled arrays of bolometers; a 2048 el-
ement array for observations at shorter wavelengths, and a 512 element array for
longer wavelengths. Each array a has 3.5' x 1.75' field of view. Despite having
two bolometer arrays, the PACS photometer actually observes in three photomet-
ric bands, centred at wavelengths of 70, 100, and 160 pm respectively. The PACS
photometer can therefore conduct observations at 160 um, and either 70 or 100 um
at any one time; the desired shorter-wavelength band is selected by means of a
filter wheel along the optical path. As such, in order to obtain coverage in all three
wavebands, the PACS photometer must observe the region of interest twice (pro-
viding double the observing time at 160 um). The PACS photometric bands have
bandwidths in the range A/AA ~ 2-3. The key parameters of each of the PACS
photometric bands are given in Table 1.1.

PACS can conduct mapping in several different scanning modes. Scan map-
ping mode is the default way of conducting PACS observations. The standard
mapping speed is 20" s~!, with a faster mapping speed of 60" s~ ! also available.
Mapping at 60” s~! leads to degradation in the Point Spread Function (PSF), in-
creasing both its ellipticity and Full-Width Half-Maximum (FWHM), particularly
for the shorter-wavelength band being observed. This arises in part from the ‘blur-
ing’ caused by the faster scan speed; the particular degradation in the shorter-
wavelength band is because adjacent bolometer elements are sampled when pro-
ducing maps at the faster scanning speed, in order to achieve the necessary sensi-
tivity. As described in Section 1.1.1.2, PACS and SPIRE photometers can conduct
mapping in parallel. When operating in parallel, PACS essentially functions in its
fast scan mapping mode —however, the PSF degradation is exacerbated over what

2 http://herschel.esac.esa.int/twiki/bin/view/Public/PacsCalibrationWeb
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is encountered during normal fast scan mapping mode, as the scan direction is not
optimised for the orientation of the PACS bolometer arrays. The PACS photometer
also has a mini-scan mapping mode, with a scan pattern designed to allow for the
smallest practical map size; this produces a 3’ diameter region of full coverage.

In common with SPIRE, mapping is typically done with orthogonal sets of
scans. Not only does this permit the isolation of time-variant instrumental noise,
but also reduces the PSF ellipticity that arises when carrying out scans at the faster
mapping speed.

1.2 CosMIcC DuUST

Herschel provides an unparalleled means with which to study the the cold
and dense ISM — particularly cosmic dust. Whilst the concept of ‘interstellar space’
dates to the renaissance (Bacon, 1626), the notion that the space beyond our Solar
System might contain more than just stars is relatively recent; William Herschel
was one of the first people to suggest the possibility (see the epigraph of this chap-
ter, from Herschel, 1811). The first evidence for the existence of dust (and the ISM)
was the discovery by Friedrich von Struve that star counts appear to decrease at
increasing distance from the Earth (Struve, 1847). Jacobus Kapteyn posited that
this effect could arise from a light-absorbing medium between the stars (Kapteyn,
1909); though he himself did not believe that to be the explanation. It was Robert
Trumpler who discovered the wavelength dependence of this ‘extinction’, leading
him to conclude that it was due to grains of solid material in interstellar space,
absorbing and scattering the light that passes through it (Trumpler, 1930). For a
more detailed history of the understanding of dust, see the introduction to Whittet
(1992).

In the past, when all astronomy was conducted at optical wavelengths, dust
was considered a nuisance; merely an obstacle to our full understanding of the
Universe. To this day, optical and UltraViolet (UV) astronomers go to great lengths
to account for the effects of dust on observations (Driver et al., 2007a,b). We now
know that this dust is made up of grains ranging in size from ~10nm to ~ 10 pm
(Kim et al., 1994; Kim & Martin, 1994), although the precise size distribution is not
well constrained (Jones et al., 1996). The majority of the mass of dust consists of
C, N O, Mg, Si, and Fe; this is inferred from observations of the gas phase of the
ISM, which is found to be highly depleted of these elements (Jenkins, 2009, 2013).

The possible chemical combinations of these raw materials lead us to assume that
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FIGURE 1.4 Extinction curves of the Milky Way and Magellanic Clouds. The term Ry,
stated to be 3.1 for the Milky Way, is defined by Ry = Ay /E(B — V) (ie, gives extinction in
V-band, relative to the B-V reddening). Reproduced from Gordon et al. (2003), under the
Creative Commons Attribution-ShareAlike 3.0 Unported license.

dust is fount primarily in two forms, C-rich and O-rich (Jones, 2013). The wave-
length dependence of dust extinction can also inform us of the physical nature of
dust. Extinction curves, such as the examples shown in Figure 1.4, suggest the
presence of a range of grain sizes, similar in size to the wavelengths of UV and
optical radiation. However, as can be seen, extinction curves can vary dramati-
cally between galaxies. The 217 nm feature is strong for many galaxies, suggesting
it arises from a grain species that arises from a common formation mechanism,
and that is well able to survive a wide range of interstellar conditions (Fitzpatrick,
1999; Inoue et al., 2006) — that said, it is often found to be absent in observations of
starburst galaxies (Gordon, 2005). Clearly, the nature of dust can vary significantly
between environments. It is also important to consider that any extinction due to
large dust grains (> 0.1 pm) would have only a very weak wavelength dependence
in the commonly-studied UV and optical regimes.
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FIGURE 1.5 The dust SED of the massive spiral galaxy NGC 4030. The dust emission has
been modelled (red line) as being the combination of two modified blackbodies (dashed
black lines). Taken from Chapter 5.

1.2.1 EMISSION FROM DUST

Given the difficulties in studying dust through extinction, Herschel’s unpar-
alleled ability to directly study the emission from dust is invaluable. For a black-
body emitter in radiative equilibrium with the local radiation field, the tempera-
ture T will be described by the Stefan-Boltzmann law:

Uc
T = =—
40

where U is the energy density of the local radiation field, c is the speed of light in a

(1.1)

vacuum, and ¢ is the Stefan-Boltzmann constant. Kirchhoff’s law (Kirchhoff, 1860)
states that the absorptivity and emissivity of a body at a particular frequency are
equal. Hence the rate of energy absorption from the local radiation field is also the
rate of energy emission by the dust.

The spectrum of a blackbody emitter at a given temperature, as a function

of frequency v, is given by the Planck function:

B,(T) = - —— (1.2)

where B, is the Planck function spectral radiance, / is the Planck constant, and kp
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is the Boltzmann constant.

In the case of a non-ideal emitter, such as dust, the Planck function is mod-
ified by a term describing the the efficiency with which it emits. This value, Q,,
is the ratio of the emitting power of an object at a given equilibrium temperature,
to the emitting power of a perfect blackbody at the that same equilibrium temper-
ature, at a given frequency. In the FIR and submm, the wavelength A in question
is far larger than the size of the grains; in this case, the small grain approximation
(Bohren & Huffman, 1983) is valid, giving rise to a general relationship of the form:

Qy x vP o A7P (1.3)

where B is the dust emissivity spectral index, dictated by the material that makes
up the grain. Hence for an emitter with an efficiency Q,, the observed flux is
described by a modified blackbody, or ‘greybody’ (an example of which is plotted
in Figure 1.5), described by:

S, < vPB,(T) (1.4)

The value of B is generally found to be in the range 1-2 for most forms of
dust. Various observational (Dunne & Eales, 2001; Clemens et al., 2013; Smith et al.,
2013) and experimental (Demyk et al., 2013) evidence suggests 2 is an appropriate
value for B in present-day late-type galaxies. Recent results from Planck suggest a
typical Milky Way value of 1.65-1.90 (Planck Collaboration et al., 2014b,a). B = 2
corresponds to metallic and crystalline materials, whilst = 1 would be expected
for amorphous substances (Tielens & Allamandola, 1987). It is possible to deter-
mine the value of B by observing the dust emission SED, as it is the spectral index
of the power-law slope of the Rayleigh-Jeans tail. Being a directly-observable phys-
ical property of the dust means p can be a valuable probe of dust physics; for exam-
ple, it can be used study the spatial variation in dust properties in nearby galaxies
(Smith et al., 2012b; Tabatabaei et al., 2014). For an equilibrium dust temperature
>25K, emission in the Herschel-SPIRE bands is in the Rayleigh-Jeans regime, al-
lowing estimation of B through Herschel observations. However, when modelling
an observed dust SED, B and the dust temperature are degenerate variables (Kelly
et al., 2012). Moreover, for dust temperatures <25K, or in the presence of dust
emission across a range of characteristic temperatures (both of which are com-
monly the case), emission in Herschel wavelengths will not be be described by the
Rayleigh-Jeans power law. In such circumstances, longer-wavelength observations
are needed to constrain S.
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In order to use the observed luminosity of dust emission at a given wave-
length to estimate the mass of dust responsible for it, Q, must be considered in
terms of the physical properties of dust that give rise to the efficiency. Working
from the assumption of spherical grains of a constant size, the mass, My, of a cloud
of n dust grains will be given by:

My = %lrm?’pn (1.5)

where 7 is grain radius (and hence %mﬁ

is the grain volume), and p is the mass
volume density of the grain material. For grains in radiative equilibrium, the ra-

diative transfer is described by:

I, = (1—e™)B,(T) (1.6)

where I, is the spectral radiance, and 7, is the optical depth, both at a given fre-
quency v. Given that dust grains are small in relation to the size of the FIR and
submm wavelengths of light they typically emit, we can treat our cloud of dust
grains as being optically thin (7, < 1), in which case Equation 1.6 becomes:

I, = &By(T) (1.7)

The optical depth itself is:

T, = ma’NQ, (1.8)

where 7a? is the grain cross-sectional area, and N is the column density of grains;
ie, N = 7 where A is the cross-sectional area of the cloud. To consider the spectral
radiance arising from the entire cloud, we therefore substitute Equation 1.8 into
Equation 1.7, and multiply by A (thereby expressing it in terms of n), which yields:

I, = ma*nQ,B,(T) (1.9)

from which we can establish the flux density of the emission actually observed

from the cloud:

ma*nQ,B, (T
S, = %’/2 o(T) (1.10)

where D is the distance to the cloud. Rearranging this into terms of n, and then

substituting it into Equation 1.5, gives the following expression for the dust mass:
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_ 4apS,D?
3QvBy(T)

Whilst Equation 1.11 allows us to calculate dust mass, it requires values

M, (1.11)

for a and p, which as previously discussed are not well constrained. Similarly,
the value of Q,, and its frequency dependence, are both dictated by the physical
properties of a grain; surface area, heat capacity, chemical composition, size, mass,
and so forth. Moreover, this derivation has assumed that grains are spherical, and
all of the same size — both approximations which will break down at some point.
As a matter of convenience, these various terms are grouped together into the dust
mass absorption coefficient x,, a single constant of proportionality that links the

mass and luminosity of dust, defined as:

3Qv
= 1.12
Ky 4ap ( )
which, substituted into Equation 1.11, yields:
S,D?
M, = Y~ 1.13

The high uncertainty on the actual value of x, is generally thought to be an
order of magnitude — even without consideration for how it might vary depend-
ing upon environment (see the review in the introduction to James et al., 2002).
Commonly employed values include k509 = 0.1 m? kg~! from Draine & Lee (1984),
and xgsp = 0.077 m? 1<g_1 from James et al. (2002). The subscripts 500 and 850 indi-
cate the reference wavelength, Ag, of each model. The frequency-dependence (and
hence wavelength-dependence) of x, is described by:

B
Ky = Ko <1> (1.14)

Vo
where xy is the dust mass absorption coefficient at frequency vp.

It is also important to bear in mind that, in reality, the dust in a galaxy, or
even in a single cloud, will not be at a uniform temperature. Rather, it will occupy
a continuum of temperatures; however, the limited photometric data generally
available for FIR and submm sources limit us to modelling a finite, usually small,
number of dust components, as demonstrated in Figure 1.5. In practice, the dust
in galaxies is typically observed to be found in a cold (15 < T < 25K) compo-
nent, representing the bulk of dust dust mass in the diffuse ISM, and a warmer
component (T > 25K) representing the dust in stellar birth clouds.
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1.3 THE ORIGINS OF DUST

Most galactic dust is classically understood to be primarily a product of the
demise of low-to-intermediate-mass stars (1-8 M) as they undergo the Asymp-
totic Giant Branch (AGB) phase of their lives, and massive stars (>105) that have
become Red SuperGiants (RSGs), enriching the ISM by means of their stellar winds
(Ferrarotti & Gail, 2006; Sargent et al., 2010). Core-collapse supernovae, the end-
point in the fleeting lives of massive stars, have also been observed to produce
significant quantities of dust (Dunne et al., 2003, 2009; Barlow et al., 2010; Mat-
suura et al., 2011). However studies of both local (Matsuura et al., 2009; Dunne
et al., 2011) and high-redshift (Morgan & Edmunds, 2003; Dwek et al., 2007; Row-
lands et al., 2014b) galaxies have shown a disparity between the rate at which dust
is removed from the ISM (either by star formation or interstellar destruction), and
the rate at which stars replenish it. As such, the origin of dust in galaxies is still

very much an open question.

Dust production by supernovee has been suggested as a solution to the dust
budget shortfall (Dwek & Scalo, 1980; Clayton et al., 2001), particularly for high-
redshift (z > 5) galaxies. Although some authors (Valiante et al., 2009; Dwek &
Cherchneff, 2011) argue that some Low-to-Intermediate Mass Stars (LIMS) could
reach the AGB phase rapidly enough to be a significant source of dust at high
redshift, this would be highly sensitive to the Initial Mass Function (IMF), and
even in extremis would be insufficient to account for all of the observed dust mass
(Di Criscienzo et al., 2013). Stars with mass > 8 M, however, will end their lives
as core-collapse (Type-II) supernovee rapidly enough to occur in the time frame
required.

In order to address the question of the origin of galactic dust, it is necessary
to accurately determine the dust-mass injection rate contributions of supernovee.
Observations of dust associated with supernova remnants (Saken et al., 1992) have
been undertaken at mid-infrared (MIR) wavelengths ever since the operation of the
first infrared orbital telescopes. However, observations at FIR and submm wave-
lengths are required to properly constrain the dust masses associated with them;
in the presence of hot dust emission, a reservoir of cold dust a 100 times more mas-
sive than the hot dust would not be detectable at shorter wavelengths, as the cold
dust would emit primarily in the FIR and submm. The unprecedented resolution
and sensitivity of Herschel means we can finally achieve this.
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1.3.1 DusT CREATION IN SUPERNOVZAE

Establishing the contribution to the dust budget due to supernovee is com-
plicated by the fact that few are known to have occurred in recent galactic history.
Dust does not form in the moment of a supernova itself, but rather condenses
from the metals found in the SuperNova Remnant (SNR), the expanding cloud of
debris resulting from the explosion. However, the rapid expansion of SNRs causes
them to sweep up large amounts of the surrounding ISM, making it difficult to dis-
tinguish between material produced by the supernova, and that which originates
from the local interstellar environment. For us to be able to determine how much
dust they manufacture, SNRs must ideally be observed before they enter the Sedov
phase — the point at which the mass of swept-up material exceeds of that of super-
nova ejecta. This window is typically less than 1,000 years. However, the available
sample of sufficiently young and nearby SNRs is severely limited; fewer than a
dozen galactic supernovee are known to have occurred in the past millennium.
Observations of extragalactic SNRs can provide us with only limited information.
At such great distances, they will appear as point sources in the FIR and submm,
making it impossible to distinguish between swept-up interstellar dust, and any
dust manufactured in the supernoave; moreover, the emission from any dust in the
supernova will be hard to distinguish from dust emission from the general ISM of
the host galaxy.

Another complication is that, in contrast to most sources, dust is not the
only significant source emission from SNRs in the FIR regime. The acceleration
of charged particles (predominantly electrons) in the intense magnetic fields of
SNRs gives rise to synchrotron radiation. A synchrotron spectrum can generally

be described by a power law of the form:

S, =S, (1) (1.15)

Vo

where S, is the synchrotron flux density at frequency v, Sy is the synchrotron flux
density at a reference frequency vy, and « is the synchrotron power law spectral
index. Matters are further complicated by the fact that the synchrotron spectrum
of an object can exhibit ‘breaks’, where the spectral index abruptly changes.

Core-collapse supernove (Types Ib, Ic, and II) are particularly important
candidates for the missing dust mass; this is especially true at high redshifts, as the
greater rate of star formation in the early Universe (Heavens et al., 2004; Hopkins

& Beacom, 2006; Madau & Dickinson, 2014) meant that massive stars were more
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prevalent. However, given the vastly greater numbers of LIMS in galaxies, Type-Ia
supernovee also bear consideration as contributors to the budget shortfall. Type-la
supernove are generally understood to arise from the thermonuclear detonation
of white dwarfs approaching the Chandrasekhar mass; this limits their potential
dust input to more recent cosmic time due to the > 1 Gyr timescale required for
white dwarf progenitors to reach the end of their lives.

It is worth noting that there are alternate scenarios for the triggering of
Type-la supernovee. ‘Double-degenerate’ supernove, caused by the merger of
two white dwarfs, are known to occur (Schaefer & Pagnotta, 2012), but are un-
derstood to be much rarer than single-degenerate systems (Nielsen et al., 2014).
An even more exotic ‘single-star” origin for some Type-la supernovee has also been
suggested, in which super-AGB stars (~ 8 M) undergo secular thermonuclear
explosions. This is believed to be possible if towards the end of its life, a star expe-
riences asymmetric carbon shell burning, allowing material from its outer layers to
tall onto a degenerate core (Tout, 2005; Denissenkov et al., 2013), therefore causing
the core to exceed the Chandrasekhar mass and detonate. This would explain ob-
servations of Type-la remnants interacting with CircumStellar Material (CSM), a
phenomenon that is difficult to explain if all Type-la events involve a white dwarf
interacting with a companion star (Silverman et al., 2013).

Type-la supernove are of interest as the primary long-distance standard
candles of modern cosmology. Phenomena with the potential to affect the lu-
minosity of Type-Ia supernove, such as extinction by large masses of rapidly-
produced dust, are therefore of great importance. Furthermore, Type-la super-
novee are believed to account for the creation of at least half the iron in the Milky
Way (Acharova et al., 2012); however the gas-phase ISM is observed to suffer from
significant iron depletion (Jensen & Snow, 2007; Delgado-Inglada et al., 2011). In-
jection of large masses of supernova-manufactured iron into the dust phase by
Type-la supernove has been suggested as an explanation for this (Dwek, 1998).
Large masses of dust (~ 0.1M,) are predicted to be formed in Type-la supernovee,
however most of it is expected to be destroyed by the harsh environment of the
remnant within 10% years (Nozawa et al., 2011).

In both classes of supernove, pre-Herschel mid- and far-IR observations
have revealed only small quantities (< 1072 M) of dust present (see review in
Gomez et al., 2012a). However, those detections were of hot dust, at temperatures
of ~100K. As this hot dust is very luminous, it would be able to out-shine any less-
luminous, lower-temperature dust that may be present, and which could represent

a much greater mass of material, but be indiscernible without longer wavelength
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coverage. However, in recent years, the submm window opened by Herschel has
allowed us to explore the presence of cold dust in SNR.

Prior to Herschel the Cassiopeia A (Cas A) remnant was observed with the
Submillimetre Common-User Bolometer Array (SCUBA) instrument on the James
Clerk Maxwell Telescope (JCMT), and thermal emission from cold dust was de-
tected (Dunne et al., 2003); however, it was unclear how much of this emission was
due to contamination from interstellar dust clouds along the line of sight (Krause
et al., 2004). Herschel observations of Cas A allowed warmer emission from dust in
the supernova to be isolated, revealing 0.075 M, of cool dust at ~ 35 K. This is still
almost an order of magnitude less than what is needed to explain high-redshift
dust observations (Barlow et al., 2010); plus contamination from large amounts of
foreground cirrus make it unclear how much of this is truly associated with the
remnant.

Investigation of the SN1987A remnant in the Large Magellanic Cloud
(LMC) with Herschel (Matsuura et al., 2011), followed up by high-resolution ALMA
observations (Indebetouw et al., 2014), revealed 0.2-0.7 M, of dust confined to the
supernova ejecta - therefore certainly produced by the supernova itself. Although
this approaches the mass per remnant necessary to account for the budget short-
fall (Dunne et al., 2011), it is surprising in a remnant so young, raising questions
about the processes of dust formation in SNR, and how the mass of dust changes
as a remnant evolves. The fraction of the ejecta dust that will survive the harsh
environment of the remnant, and go on to contribute to the galactic dust budget,
remains to be seen. Indeed, this is a pressing question for supernova remnants
in general. That said, before we can address the issue of how much of a super-
nova’s dust gets destroyed in the remnant, we must first answer the question of
how much gets created in the first place.

1.3.2 DUST DESTRUCTION AND DUST CREATION IN INTERSTEL-
LAR SPACE

Classically, supernove were thought to interact with the dust in galaxies in
only one way — as destroyers. It has long been understood that the high-energy
ions that make up supernova shockwaves can ‘sputter” atoms from the surface of
dust grains, returning them to the gas phase (Barlow, 1978; Jones et al., 1994), and
that the grain-grain collisions brought on shocks can be similarly destructive (Jones
et al., 1996; Jones & Nuth, 2011). However, more recent evidence has revealed that
supernovee play a far more complex role in galactic dust budgets than previously
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thought. In the case of lower-energy collisions between dust grains and shock gas
(for example, an interstellar cloud already swept up by a shock, and hence moving
at the same bulk velocity), the impacted gas can become implanted in the grain,
thereby in fact increasing the mass of dust present (Demyk et al., 2001). Combined
with the previously-discussed evidence for large amounts of fresh dust in the ejecta
of recent supernovzee, it is now unclear what the net role of supernovee is, or how it
might vary with environment and epoch.

Volatile chemicals on the surfaces of dust grains, such as ices, can be very
easily desorbed (ie, ‘stripped’) by the UV photons (Draine & Salpeter, 1979) emit-
ted by hot, massive stars. However, given that the supernova deaths of these same
stars are known to give rise to dust injection, it is again unclear what their overall
effect, on balance, might be upon the dust content of a galaxy.

Many other dust-destruction processes are known or expected to operate,
such as thermal and ionising destruction by cosmic rays, high-energy photons,
and free elections (see review in Jones, 2004). As a result, most models predict that
the dust destruction timescale of the ISM cannot much exceed 10® years (Jones &
Nuth, 2011). This is problematic, as the ‘turnaround” time for dust manufactured
in stellar deaths to be incorporated into star formation regions is ~ 10° years —
which clearly occurs, given the great abundance of dust observed in protostellar
systems. Therefore, it is assumed that dust growth must occur in the interstellar
environment, via atoms and molecules being accreted onto the surfaces of grains,
presumably in the dense molecular ISM. But whilst many mechanisms for this
are suggested, most struggle to generate the mass increase needed to address the
imbalance (see reviews in Draine, 2009; Jones & Nuth, 2011; Dunne et al., 2011;
Rowlands et al., 2014b).

1.4 GALAXY EVOLUTION

Galaxy evolution is an area of intense investigation; how exactly galaxies
develop over time, and what factors influence the process, remains unclear in
many regards. It has long been known that galaxies change as they age; whilst the
total number of massive disk galaxies has remained nearly constant since z = 1,
their typical appearance has gradually shifted towards earlier morphological types
(Buitrago et al., 2013). Before that time, the total number of massive galaxies was
smaller, and those that are observed often appear very different to the galaxies

seen today. A far higher fraction of galaxies in the early universe are observed to
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FIGURE 1.6 The star formation history of the Universe. Left: The star formation rate per
co-moving volume, as a function of redshift, peaking at 2 2 z 2 3, showing data from
Richards et al. (2006), Hopkins & Beacom (2006), and Robotham & Driver (2011). Right:
The star formation rate per co-moving volume, as a function of time since the Big Bang,
showing the contributions of star formation in giant ellipticals (or, rather, their ancient
progenitors), and in other, less-massive systems. Whilst star formation in proto-ellipticals
accounts for the Universal peak at 2 < z < 3, less massive galaxies have dominated total
star formation since z ~ 1. Reproduced from Driver et al. (2013), with permission.

be irregular or perturbed (Bunker et al., 2000). And whilst many high-redshift sys-
tems take the form of disks, those disks are very different to the disks of modern
late-type galaxies, being turbulent and highly compact; instead it is believed that
they are the progenitors of modern elliptical galaxies (Conselice et al., 2005).

The evolution of galaxies is interpreted within the framework of Lambda
Cold Dark Matter (ACDM) cosmology (see review in Liddle, 2003). In this model
most of the energy density of the universe is made up of dark energy (A), whilst
most of the mass takes the form of Cold Dark Matter (CDM). Quantum fluctua-
tions shortly after the Big Bang were imprinted onto the structure of the Universe
(Starobinskii, 1978; Linde, 1982), leading to regions of over- and under-density.
Regions of over-density gravitationally attracted additional mass, taking the form
of halos of dark matter, with dense regions of baryonic matter embedded within
them — galaxies.

ACDM predicts that galaxies assemble in a ‘bottom-up’ manner — that larger
galaxies are formed from the mergers of smaller systems. It appears that the mas-
sive early-type galaxies seen in the modern universe are the result of mergers in-
volving the compact turbulent disks seen at higher redshifts (Glazebrook, 2013).
The intense star formation associated with this merging process accounts for the
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peak in the star formation rate of the Universe seen at 2 < z < 3 (Madau & Dick-
inson, 2014). It appears, however, that galaxy evolution progresses differently for
high- and low- mass systems. The peak in the cosmic star formation rate (Fig-
ure 1.6, left pane) seems to correspond primarily to high-mass systems (Hopkins
et al., 2007), in which most star formation appears to have been rapidly quenched
thereafter. Quenching can arise from Active Galactic Nuclei (AGN) and super-
nove blowing the gas out of a galaxy (Springel et al., 2005; Croton et al., 2006);
or mergers and interactions can consume the entire available gas reservoir (Mihos
& Hernquist, 1994; Barnes & Hernquist, 1992). In either case, these galaxies are
exhausted of their gas, leaving behind the ‘red and dead’ ellipticals seen today.
Whereas in the case of low-mass systems, star formation appears to have evolved
more steadily; such galaxies seem to have been the site of most star formation since

z ~ 1 (Figure 1.6, right pane, see Driver et al., 2013).

This strong observed dependence between a galaxy’s mass and its evolu-
tion is referred to as ‘downsizing” (Cowie et al., 1996). Generally, galaxies that are
more massive tend to be older (ie, in a further advanced evolutionary stage) than
those that are less massive. Given that the notion of ‘bottom-up” ACDM galaxy
formation entails larger systems being formed by the merger of smaller systems,
it might seem counter-intuitive that more massive galaxies look older than those
that are less massive. However, many authors have pointed out that what ACDM
predicts is that dark matter halos assemble in this manner; and that the star forma-
tion activity of the baryons ensconced with these halos should not be expected to
develop in the same way (Neistein et al., 2006; Fontanot et al., 2009).

The degree to which ‘nature” and ‘nurture” affect the evolution of a galaxy
can vary. As already described, the mass of a system has a strong influence on its
evolutionary stage; however, mass is not a purely intrinsic property of a galaxy,
being influenced by mergers. The morphology-density relation (Dressler, 1980;
Phillipps et al., 1998; Calvi et al., 2012) demonstrates that environment can have
a strong influence upon galactic development; in environments more prone to
interactions, galaxies tend to be of earlier morphological types. Similarly, star-
formation in a galaxy can be enhanced by interactions with other galaxies in prox-
imity (Patton et al.,, 2013). But it is also evident that galaxies evolve indepen-
dently, as they deplete their reservoirs of of star-forming gas whilst accreting small
amounts of new gas from intergalactic space (Combes, 2007). Recent theoretical
work suggests that once a spiral galaxy depletes its reservoir of star-forming ma-
terial, its spiral arms will naturally disappear, leading to lenticular morphology
(D’Onghia et al., 2013). And massive galaxies, independent of their environment,
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FIGURE 1.7 The observed UV-submm SED of a high-redshift dust-obscured galaxy (plot-
ted in black), along with its unattenuated stellar emission spectrum, as it would appear
if no dust were present (plotted in blue). As can be seen, the attenuation of the stellar
component becomes increasingly pronounced at shorter wavelengths. Reproduced from
Rowlands et al. (2014a), with permission.

are consistently found to be biased towards earlier morphological types, and lower

levels of star formation (Peng et al., 2014).

1.4.1 DUST IN GALAXIES

Cosmic dust affords us a unique way of studying galaxies. Half of all the
starlight ever emitted by galaxies has been absorbed by dust and thermally re-
emitted in the FIR and submm (Driver et al., 2007b). This is especially the case in
star-forming regions, where the high-energy photons emitted by young stars are
particularly susceptible to absorption by dust grains (Fitzpatrick, 2004). Figure 1.7
illustrates the SED of a high-redshift galaxy where a large fraction of the stellar
emission is being absorbed and re-radiated by dust. But whilst star formation is
known to dominate the heating of the hot dust in galaxies (Kennicutt, 1998; Ken-
nicutt et al., 2009), it is unclear if it also drives the heating of the cold dust (Law
et al,, 2011; Ford et al., 2013; Hughes et al., 2014), or whether the evolved stellar
population is mainly responsible (Bendo et al., 2012; Boquien et al., 2011). More-
over, the dense ISM in which star-formation occurs is notoriously hard to study, as
emission from molecular species tends to be faint, or entirely non-existent; on the
other hand, dust is much more luminous, and also serves as a catalyst for the very

formation of molecular gas, making it an invaluable way to study these regions.
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Recent work also indicates that dust is a useful tracer of the molecular compo-
nent (Eales et al., 2012; Smith et al., 2012b). Furthermore, dust is itself an indirect
product of star formation; as discussed in Section 1.3 and explored in depth in
Chapter 2, short-lived massive stars are major dust factories. By tracing the chem-
ical and star formation history of galaxies, dust provides an invaluable avenue for

the study of galaxy evolution as a whole.

As FIR and submm astronomy has matured, numerous projects have been
undertaken to characterise dust in galaxies. The galaxy Dust Mass Function
(DMF), the cardinal description of dust in galaxies, was first estimated by the
SCUBA Local Universe Galaxy Survey (SLUGS, Dunne et al., 2000), using 450 and
850 pm observations of 104 IRAS (ie, hot dust emission) selected galaxies, and aug-
mented by further observations of 80 optically-selected galaxies (Vlahakis et al.,
2005).

This is being followed up in the Herschel era by the Herschel Reference Sur-
vey (HRS, Boselli et al., 2010) of 323 galaxies, which aims to understand the rela-
tionships between dust and galaxy evolution, interaction, and star formation; and
by the Key Insights in Nearby Galaxies Far-Infrared Survey with Herschel (KING-
FISH, Kennicutt et al., 2011), which particularly focuses upon understanding the
ISM in nearby galaxies. However, these and other FIR surveys of nearby galaxies
may have been hindered by the fact they are not dust selected, instead being de-
pendent upon selection criteria derived from observations at other wavelengths.
Large-area missions such as the InfraRed Astronomical Satellite (IRAS, Neuge-
bauer et al., 1984) and more recently Planck (Planck Collaboration et al., 2011a)
provide blind samples of local galaxies, including the recent sample by Clemens
et al. (2013), but lack resolution and sensitivity when compared to targeted sur-
veys.

Even with the advent of Herschel, many of the key questions about dust in
galaxies are yet to be answered. Even the most fundamental characterisation of the
dust content of the local universe, the DMEF, is yet to be well constrained. As with
mass and luminosity functions in other parts of the spectrum, the DMF is typically
tit using a Schechter function (Schechter, 1976):

¢ =¢" (%) e i (1.16)

where ¢ is the number volume density at a given mass M, a is the power law index
of the low mass slope, ¢* is the characteristic density, and M* is the characteristic
mass (the location of the Schechter function’s ‘knee’).
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FIGURE 1.8 Estimates of the local Dust Mass Function from several recent studies using
data from submm observatories; Vlahakis et al. (2005) using SCUBA, Dunne et al. (2011)
using Herschel, and Clemens et al. (2013) using Planck. Each study’s best-fit Schechter func-
tion is plotted as a solid line down to the minimum dust mass they sampled; below that
(where they are, in effect, extrapolating) it is plotted as a dotted line. Note that all three
have been scaled to the same cosmology and x, to permit direct comparison. Note the
significant divergence, particularly at low masses.

Determination of the DMF can only be achieved using observations in the
submm, which accounts for the emission from the majority of the dust mass in
galaxies. Figure 1.8 shows three estimates of the local dust mass function, by Vla-
hakis et al. (2005) using SCUBA, Dunne et al. (2011) using Herschel observations of
a small (16 deg?) patch of sky, and Clemens et al. (2013) using Planck. The three
are in poor agreement. Their best-fit Schechter functions diverge significantly to-
wards lower masses, suggesting values for the dust mass volume density of the lo-
cal Universe that vary by a factor of 2.2; from 1.3 x 10° M, Mpc~2 for Dunne et al.,
2011, to 1.2 x 10° Mg, Mpc 2 for Vlahakis et al., 2005 and 2.7 x 10° M, Mpc~2 for
Clemens et al., 2013 (to allow direct comparison, all three have been corrected to
the same cosmology and x,). Despite being three of the leading estimates of the
DME, each has significant drawbacks: Vlahakis et al. (2005) only directly measured
large dust masses, and used the relation between SCUBA submm luminosity and
IRAS colours to extrapolate to low-mass galaxies seen with IRAS (ie, luminous hot
dust, hence over-representing starbursts and major mergers); Dunne et al. (2011)



1.5. SURVEYS 27

sampled only a relatively small, notoriously under-dense (Driver et al., 2011) re-
gion of sky; and Clemens et al. (2013) were only able to sample very massive (or
very nearby) systems, thanks to the relatively poor resolution and sensitivity of
Planck. This highlights the difficulties in pinning down even the most basic aspects
of the dust properties of the Universe. The matter of the local DMF in particular
will be addressed in detail in this work (see Chapter 6).

1.5 SURVEYS

The work in this thesis is centred around the use of observations made by
Herschel carried out for two particular surveys — Mass-loss from Evolved StarS,

and the Herschel Astrophysical Terahertz Large-Area Survey.

1.5.1 MESS

Mass-loss from Evolved StarS (MESS, Groenewegen et al., 2011) is a Her-
schel guaranteed time key program, the specific objective of which is to charac-
terise the mass-loss properties of evolved stars by observing a representative sam-
ple of the full gamut of such objects; asymptotic giant branch (AGB), red super-
giant (RSG), post asymptotic giant branch (P-AGB), Wolf-Rayet (WR), and lumi-
nous blue variable (LBV) stars, as well as planetary nebulee (PNe) and supernova
remnants (SNRs).

In total 150 targets were observed photometrically and spectroscopically
(although not both in every case) using PACS and SPIRE. The photometric obser-
vations were conducted at 70, 100, and 160 pm in large map mode with PACS, and
at 250, 350, and 500 pm in large map mode with SPIRE.

This work makes use of MESS photometric observations of the remnants
of 3 historical Milky Way supernovae — Tycho’s SNR (SN1572), Kepler’s SNR
(SN1604), and the Crab Nebula

1.5.2 H-ATLAS

The Herschel Astrophysical Terahertz Large Area Survey (H-ATLAS, Eales
etal., 2010) is a ~ 550 deg? (1/80" of the entire sky) survey in the FIR and submm,
providing an unbiased and unrivalled view of the dusty Universe. H-ATLAS is
the largest Open Time Key Project undertaken by Herschel, with a primary goal of
studying, for the first time, hundreds of thousands of submm galaxies. H-ATLAS
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FIGURE 1.9 Three colour SPIRE 250, 350, and 500 pm image of the H-ATLAS Science
Demonstration Phase (SDP), covering approximately 16 deg? of sky — representing approx-
imately 3% of the total survey area. Shown for scale is the relative angular size of the full
Moon, and a white square indicating the area (although not location) of the Hubble Deep
Field. The region of the Hubble Deep Field was observed by SCUBA in 1998, which after
50 hours of observing had detected 5 sources in 6 arcmin? of sky. Compare this to the al-
most 10,000 galaxies detected in the 16 hours it took Herschel to observe this small portion
of the entire H-ATLAS survey. Adapted from an image by Haley Gomez, with permission.
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provides us with a blind, large-area sample of both nearby and high-redshift galax-
ies, but with the resolution and sensitivity hitherto only found in targeted dust
surveys.

H-ATLAS highlights how far FIR and submm astronomy has come in a
decade. Figure 1.9 depicts the ~ 16 deg? of the H-ATLAS Science Demonstration
Phase (SDP) field. This observation took Herschel 16 hours to complete, and fea-
tures almost 10,000 detected galaxies. Contrast this to the small white square inset

in the figure; this indicates the 6 arcmin?

area (although not location) of the Hubble
Deep Field, which was observed using the SCUBA instrument on the JCMT for 50
hours —and in which it detected only 5 sources (Hughes et al., 1998). The H-ATLAS
SDP therefore represents a 6,000-fold improvement in terms of observing time re-
quired per source detected, and a 30,000-fold increase in the sky area mapped in a
given time, over what was achieved with SCUBA.

Photometry observations for H-ATLAS were carried out in fast parallel
mode at 100 and 160 pm with PACS and at 250, 350 and 500 um with SPIRE. De-
scriptions of the fundamental H-ATLAS data reduction procedures can be found
in Ibar et al. (2010) for PACS, and Pascale et al. (2011) and Valiante et al., (in
prep.) for SPIRE. Throughout this work, photometry in the SPIRE bands was per-
formed upon the appropriate relative gain maps. The H-ATLAS PACS maps were
reduced using the Scanamorphos (Roussel, 2013) pipeline, with appropriate correc-
tions made for the relative areas of the reference pixels on the focal plane.

The source extraction algorithm MADX (Rigby et al., 2011, Maddox et al., in
prep.) isolates > 2.5 o peaks in the SPIRE 250 pm band and then measures the fluxes
in all three SPIRE bands at the position determined by the 250 pm fit; the H-ATLAS
catalogue selects those sources which have a >5 ¢ detection in at least one band.
Optical counterparts to H-ATLAS sources were found by direct comparison with
the SDSS DR7 (Abazajian et al., 2009) by means of matching H-ATLAS sources to
SDSS objects within a 10” radius using a likelihood ratio technique where reliabil-
ity > 0.8 (being the probability that the selected counterpart is the correct one, out
of all possible counter parts within a 10" search radius) is required for a matched
to be deemed science-quality (Smith et al., 2011).

1.5.2.1 GAMA

This work makes use of the H-ATLAS Phase-1 Version-3 internal data re-
lease (Valiante et al., in prep.), which consists of three equal-area fields along the
equatorial plane, covering 161.6 deg? of sky. These regions were chosen as they
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contain low levels of contamination from Galactic cirrus, and because they are co-
incident with the Galaxy And Mass Assembly (GAMA, Driver et al., 2009) redshift
survey. The three GAMA fields are named GAMA09, GAMA12, and GAMAL15,
denoting their right ascension.

The GAMA survey uses their own spectroscopy, taken at the Anglo-
Australian Telescope, combined with data from previous redshift surveys such
as the Sloan Digital Sky Survey (SDSS, York et al., 2000), 2 Degree Field Galaxy
Redshift Survey (2dFRGS, Colless et al., 2003), and the Millenium Galaxy Cata-
logue (MGC, Driver et al., 2005), to provide redshift coverage complete down to a
magnitude limit of r < 19.4.

Along with their spectroscopic data, GAMA provides supplementary re-
ductions of imaging data, including UV GALEX (GAlaxy Evolution EXplorer,
Morrissey et al.,, 2007), optical SDSS DR6 (Adelman-McCarthy et al., 2008),
Near-InfraRed (NIR) UKIRT (United Kingdom Infrared Telescope) UKIDSS-LAS
(UKIRT Infrared Deep Sky Survey Large Area Survey, Lawrence et al., 2007), NIR
VISTA (Visible and Infrared Survey Telescope for Astronomy) VIKING (VISTA
Kilo-degree Infrared Galaxy survey, Edge et al., 2013), and Mid-InfraRed (MIR)
WISE (Wide-field Infrared Survey Explorer, Wright et al., 2010; Cluver et al., 2014)
observations. By performing their own reductions, GAMA were able to ensure
that their photometry was consistent between surveys (Hill et al., 2011).

1.6 THESIS OUTLINE

This thesis describes two distinct research projects concerning cosmic dust
which I conducted during the course of my PhD, centred around exploiting data
from the Herschel Space Observatory. Chapter 2 details my investigation of the
remnants of three historical Milky Way supernovae, looking for evidence of the
creation of cosmic dust. Chapter 3 describes how I used Herschel data to assem-
ble HAPLESS, a sample of local galaxies selected solely on the basis of the emis-
sion from their dust. Chapter 4 explains the workings of the pipeline I created to
perform photometry upon this sample, and the tests I carried out to ensure the
pipeline’s accuracy and reliability. The properties of the HAPLESS galaxies are
presented in Chapter 5. In Chapter 6, HAPLESS is compared to other surveys of
dust in local galaxies. Chapter 7 explores the properties of the nearby yet immature
galaxies identified in HAPLESS.



CHAPTER 2
DUST IN SUPERNOVZA

‘Dust in the air suspended,

Marks the place where a story ended.’

T.S. ELIOT

UPERNOVZ have been proposed as a possible solution to the dust budget cri-
sis in galaxies — if they create large masses of dust. However, as discussed
in Chapter 1, there had been no definitive detections of dust manufactured

in supernovee prior to the launch of Herschel. Since then, Herschel observations of
the remnants of two recent nearby supernovae, Cassiopeia A and SN1987A, have
shown that they do indeed produce significant quantities of dust. However, two
objects is a very small sample from which to draw broad conclusions. Moreover,
it remains unclear whether or not this manufactured dust is actually injected into
the galactic environment. In this chapter, I detail how I used Herschel observa-
tions to look for the presence of manufactured dust in the remnants of three recent
Milky Way supernovee; Kepler’s and Tyhco’s Supernoveae (SN1604 and SN1572),
which were both Type-la explosions, and the Crab Supernova (SN1054), which is
one of only two Type-II events known to have occurred in our Galaxy in the past
thousand years (alongside Cassiopeia A). My investigations of these objects form a
significant fraction of the work presented in Gomez et al. (2012a) and Gomez et al.
(2012b).

31
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FIGURE 2.1 Optical observation of Kepler’s supernova, reproduced from Kepler (1606).
The supernova is the star marked ‘N’, on the right ankle of Ophiuchus.

2.1 KEPLER’S SUPERNOVA REMNANT

Observed most famously by German astronomer Johannes Kepler in Octo-
ber 1604 (Figure 2.1, Kepler, 1606), Kepler’s Supernova (SN1604) is the most recent
to have been observed in the Milky Way (subsequent events have only been dis-
covered as remnants), and lies at a distance of 4 kpc (Blair et al., 2004). Views as to
the type of Kepler’s supernova have been conflicted, but the current consensus is
that it was probably a Type-la event (Blair et al., 2004), albeit an idiosyncratic one;
the nitrogen abundances in particular are more in line with expectations of a core-
collapse origin (Hughes, 1999). MIR Spitzer observations indicated the presence of
5.4 x 10~* Mg, of hot dust (Blair et al., 2007). Submm observations by SCUBA were
interpreted as suggesting the presence of 0.3-3.0M, of cold dust (Morgan et al.,
2003); however, subsequent observations revealed that the molecular lines used to
trace intervening interstellar material vastly underestimated the degree of contam-
ination (Gomez et al., 2009). The remnant is located at coordinates &« = 262.671°,
0 = 21.4914° (J2000), and is travelling out of the Galactic plane (Blair et al., 2004).

We sought to use Herschel to settle the question of the dust content of Ke-
pler’s SNR. Not only is Herschel’s resolution and sensitivity unmatched by other

observatories, but it also able to provide self-consistent observations of the entire
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FIGURE 2.2 Multiwavelength imagery of Kepler’s SNR, as seen in MIR to radio wave-
lengths. Upper row: Spitzer 24 ym; PACS 70, 100, and 160 pm; and SPIRE 250 pm. Lower
row: SPIRE 350 and 500 pm; JCMT SCUBA 850 pym; JCMT 12CO(2—1); and VLA 6cm. The
dashed circles have a radius of 120" centred at &« = 262.671°, § = 21.4914° (J2000), repre-
senting the photometric aperture employed. Each cutout is 550" across (the forward shock
radius being 103", Warren et al., 2005).

dust emission spectrum.

Along with the Herschel observations of Kepler’s SNR taken as part of the
MESS survey, we also used Spitzer 24 pm (Blair et al., 2007), Very Large Array
(VLA) 6cm (DeLaney et al., 2002), and James Clerk Maxwell Telescope (JCMT)
12CO(2-1) (Gomez et al., 2009) and Submillimetre Common-User Bolometer Ar-
ray (SCUBA) 850 um data (Morgan et al., 2003) to help identify and constrain the
remnant’s emission properties across the entire relevant wavelength range. These
observations are shown in Figure 2.2.

There are four sources of emission in the IR and submm that are expected
to originate from the SNR. The intense magnetic fields produced by the advancing
shockwave will accelerate charged particles, giving rise to synchrotron radiation.
Cold dust in the ISM along the line of sight to a SNR will radiate at FIR and submm
wavelengths. Hot dust in the shockwave, typically at temperatures of 70-120K,
will emit in the MIR and FIR. Finally, any supernova dust at temperatures <40K
will emit primarily in the submm, and dominate the total dust mass; however it
must be disentangled from all of the previous sources of emission listed.

Visual inspection of the Herschel observations in Figure 2.3 clearly show the
hot dust emission in blue, with the same morphology as seen in the MIR. How-
ever, they contain no indication of cold dust emission clearly associated with the
remnant. Rather, the SPIRE observations broadly show the same Galactic cirrus
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FIGURE 2.3 Three colour Left: PACS 70, 100, and 160 um, and Right: SPIRE 250, 350, and
500 um images of a 25" x 25’ region centred upon Kepler’s SNR. Hot dust emission from
the remnant is clearly visible at the shortest Herschel wavelengths (PACS blue), but con-
tamination from interstellar cirrus quickly dominates at longer wavelengths. The dashed
circles have a radius of 120" centred at & = 262.671°, § = 21.4914° (J2000), representing the
photometric aperture employed.

structures visible in 12CO(2-1) (Figure 2.2)

2.1.1 PHOTOMETRY AND SED FITTING

The Spitzer, Herschel, SCUBA, and VLA maps were all re-gridded to a com-
mon 1” pixel scale, then convolved with a Gaussian so that they were all at the
36" resolution of the SPIRE 500 um beam. Fluxes were taken from a 120" circular
aperture centred on the remnant at & = 262.671°, § = 21.4914° (J2000); the size was
chosen so as to contain the entirety of the remnant in all of the smoothed maps. De-
spite being well above the Galactic plane, the sky in the direction of Kepler’s SNR
contains vast and highly variable amounts of Galactic cirrus, which dominates the
submm observations, as seen in Figure 2.3. This made it impossible to perform
standard annular aperture photometry, or use a sky aperture as a representative
area of background. As a result, we placed apertures over the darkest region of sky
in each map, meaning no attempt was made to subtract the background flux from
the measurements; rather, they represent the flux ‘towards’ the remnant, includ-
ing that originating from the intervening ISM. The measured fluxes can be found

in Table 2.1. The uncertainties in flux were estimated by adding in quadrature the
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TABLE 2.1 MIR-to-submm fluxes measured in the direction of Kepler’s SNR. The pho-
tometry was conducted by me, and published in Gomez et al. (2012a). Note that the flux at
100-1,000 pm is dominated by contamination from foreground Galactic cirrus. The contri-
bution of the synchrotron component in each band was determined using Equation 1.15,
with « = —0.71, vp = 5Ghz (6 cm), and Sp = 6.14]Jy.

Wavelength Integrated Flux Uncertainty Synchrotron Flux

(pm) Jy) Jy) Jy)

24 9.5 +1.0 0.02

70 12.3 +27 0.05
100 11.2 +24 0.06
160 16.5 +29 0.09
250 13.0 +28 0.12
350 5.8 +12 0.16
500 2.7 +0.6 0.20
850 0.7 +0.1 0.29

pixel RMS (Root Mean Squared) within the aperture, the instrumental photometric
uncertainties (Table 1.1), and the error between our maps’ zero values and those of
InfraRed Survey Explorer (IRAS) maps of the same region (as described in Gomez
et al., 2012a).

We fit the MIR-to-submm Spectral Energy Distribution (SED) of Kepler’s
SNR with a three-component model; two modified blackbody (‘greybody’, see
Section 1.2.1) components for the hot and cold dust emission, and a power law
component for the non-thermal synchrotron emission. The model consists of dust
components at two temperatures as any hitherto-undiscovered mass of dust in the
remnant must be significantly colder than the known hot dust component, for it to
have been missed by shorter-wavelength pre-Herschel observations.

The model takes the form:

L4
K 1%
S, = s IMUB(, To) + McB(v, o) ]+ 0 (1) 1)

where S, is the flux at frequency v, «, is the dust mass absorption coefficient at
frequency v, My and M, are the hot and cold masses, B(v, T;) and B(v, T.) are
each the Planck function at frequency v and characteristic dust temperatures T,
and T, D is the distance to the source, and Sy("/y,)" is the power law describing
the synchrotron component (Equation 1.15). The dust absorption coefficient x,
is governed by a power law described by the dust emissivity index B, such that
K, o vP.
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FIGURE 2.4 Spectral energy distribution of the fluxes measured towards Kepler’s SNR.
The SED was fit using the model described in Equation 2.1. The dashed lines indicate the
best fit hot and cold dust components, whilst the dotted line is the synchrotron component;
the red line shows the combined SED. Note that this represents all the flux observed in
the direction of the remnant; at wavelengths 100-1,000 pm, the flux in the photometric
aperture is dominated by emission from unrelated Galactic cirrus along our line of sight.
Given the 5 model variables and 8 data points, the fit has 2 degrees of freedom.

To perform the SED fitting, I wrote a x?-minimising routine which incor-
porates colour-corrections for filter response function and beam area'’?. We em-
ployed x500 = 0.1 m? kg_l, the model of Draine & Lee (1984), which is suitable for
galactic dust with1 < B < 2. For the synchrotron component, we used a value of
a = —0.71 for the remnant average spectral index, and a normalising flux of 6.1 ]y
at 6.14 cm, both taken from DeLaney et al. (2002). The hot and cold dust tempera-
tures and masses were free to vary, as was . However the following limits were
imposed: T, and T, must both be in the range 5-200K; B must be >0; and M, and
M), must both be positive. These limits prevent nonphysical fits being returned.
Both the hot and cold components have the same value of j, in order to maximise
the degrees of freedom of the fit (the 8 value of the hot component will have min-
imal effect upon the properties of the cold component, for physical values of p).
The resulting fitted SED can be found in Figure 2.4.

1 SPIRE handbook: http://herschel.esac.esa.int/Docs/SPIRE/spire_handbook.pdf.
2 PACS instrument and calibration wiki: http://herschel.esac.esa.int/twiki/bin/view/
Public/PacsCalibrationWeb.
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The best-fit SED passes within the uncertainty of every data point; assum-
ing that the uncertainties are Gaussian, a best-fit model should be expected to pass
through only two-thirds of them. Naively, this would suggest that either that the
uncertainties are too large, or that the model is over-fitting the data. As the un-
certainties only represent the standard calibration error values in each band, along
with simple Poisson statistics, there is little scope for them to be any smaller.

To gauge whether the model is over-fitting the data, we can evaluate the
reduced chi-squared of the fit. The reduced chi-squared statistic is defined as
X%ed = X?/k, where k is the number of degrees of freedom in the fit. The num-
ber of degrees of freedom in a fit is defined as k = N —n — 1, where N is the
number of data points, and 7 is the number of parameters. x2, > 1 indicates that
the model is a poor fit to the data, whilst x2,; < 1 suggests that the model is over-
fitting the data; %, = 1 is optimal. The 5 model variables and 8 data points in the
tit correspond to 2 degrees of freedom. Given the best fit chi-squared of 1.014, this
corresponds to x%, = 0.507, which might suggest that over-fitting is occurring.
The number of degrees of freedom can be increased to 3 by fixing B; however,
when fixing it to a fairly standard value of B = 2 (see Chapter 5), the chi-squared
of the best-fit SED? increases to 4.445, giving x2,, = 1.48, which is under-fitting the
data to a similar degree. As such, the model in which B is free remains equally
valid.

It should also be noted that the SED-fiting routine does not directly account
for the fact the there is a £4% correlated error the SPIRE flux calibration (incorpo-
rated into the standard +7% photometric calibration uncertainty), shared between
all three SPIRE wavebands, due to uncertainties in the model of Neptune used as
the instrument calibration standard (Bendo et al., 2013). As the SPIRE wavebands
trace the Rayleigh-Jeans slope of a typical cold dust SED, the effect of this corre-
lated error will essentially be to shift the slope up or down in unison.

Parameter uncertainties were gauged by means of a Monte Carlo bootstrap-
ping analysis, whereby the fit was repeated 5,000 times; on each occasion, the
fluxes were randomly perturbed within their errors. The parameter estimates re-
sulting from the fits were then compared; the iteratively sigma-clipped median
and standard deviation of each parameter’s distribution were taken to represent
its uncertainty. The parameter distributions can be found in Figure 2.5. The boot-
strapped medians agree well with the best-fit values for all parameters.

The best fit gives dust temperatures of T, = 84.3K and T, = 19.5K, and

3 The B = 2 fit yields T, = 69.7K, T, = 15.0K, M, = 3.2 x 1073 M, (a factor 1.38 decrease), and
M. = 4.2Mg, (a factor 1.85 increase).
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FIGURE 2.5 Distribution of parameters generated by performing 5,000 bootstrap fits to
the dust SED of Kepler’s SNR (Figure 2.4), using a two-greybody model described by
Equation 2.1. The solid lines mark the best-fit values for each parameter; the dashed lines
indicate the sigma-clipped median value from the bootstrap distribution; and the dotted
lines demark 1¢ confidence intervals either side of the median, found by taking sigma-
clipped standard deviation of the bootstrap distribution. The peak at B ~ 0 is because j
is not permitted to vary to unphysical values of <0. Of the 5,000 bootstrap permutations,
241 (5.8%) returned fits where g < 0.1.
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TABLE 2.2 Best fit and bootstrapped parameter estimates produced by fitting the SED of
Kepler’s SNR (Figure 2.4) with the two-greybody model described in Equation 2.1. The
Bootstrapped values are the sigma-clipped median and standard deviation of the boot-
strapped distribution of each parameter (Figure 2.5). The sigma-clipped standard devi-
ations of the dust masses were calculated in logarithmic space, where the distribution is
much more symmetric; as a result, the upper and lower confidence intervals are asymmet-
ric in linear space.

Parameter Best Fit Bootstrapping
Median Uncertainty
Ty, (K) 84.3 81.3 +£20.7
Te (K) 19.5 19.8 +3.1
M;, (1073 M) 45 45 -3.1,+9.0
M. M) 2.3 2.1 -0.7,+1.1
B 1.4 14 +0.3

dust masses of M, = 4.5 x 1073Mg and M. = 2.3M, with B = 1.41. These
are all in good agreement with the median parameter values and uncertainties
returned by bootstrapping, which are summarised in Table 2.2. Note that these
values differ slightly (<3%) from those we published in Gomez et al. (2012a). The
titting routine used for the published fit was normalised to the 70 pm flux, whereas
mine was entirely free to fit the data. The similarity in parameter estimates is
therefore reassuring. The 70 pm anchor used by Gomez et al. (2012a) also means
that their bootstrapping analysis generated much smaller uncertainties than mine.
Given that there is no strictly physical reason to assign the 70 um flux a privileged

position, I believe that the uncertainties presented here are more realistic.

The cold dust mass of (2.3 £ 1.0) M, is likely dominated by unrelated fore-
ground dust. We attempted to use the JCMT 2CO(2-1) observations (Figure 2.2)
to account for this. At the time I conducted this analysis, the assumption was that
CO emission would trace the general ISM, but not supernova ejecta — that the high-
energy environment of the remnant would cause CO to disassociate. It was hoped
that this would potentially make it possible to disentangle emission from dust in
the foreground from any in the remnant. But since then, ALMA observations of the
remnant of SN1987A have revealed that CO can survive in SNRs, at temperatures
as low as ~ 10K (Kamenetzky et al., 2013). Regardless, a pixel-by-pixel compar-
ison between the 12CO(2-1) and 250 pm observations of Kepler’s SNR shows that
the molecular emission does a poor job of tracing the foreground cirrus. Given

the cold (< 20K) temperature of the foreground dust, the lower-energy CO(1-0)
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FIGURE 2.6 Left: Synchrotron spectral index map of Kepler’s SNR, created by compar-
ing VLA 6 and 21 cm continuum observations. Centre: Hot dust temperature map of the
remnant, in units of kelvin. The structure of the hot dust emission, as traced by the MIR
observations, is clearly visible. Right: Cold dust temperature map of the remnant, in units
of kelvin. Clearly visible Northeast and Southeast are the prominent clouds of interven-
ing cirrus visible in FIR and CO. Additionally, at the top right there appears to be a cold
dust feature, slightly warmer than its surroundings, that traces the outer edge of the bright
Northwest portion of the shockwave. Each image is 5’ across. The solid circles demark the
120" photometric aperture. The dashed circle indicates the outer edge of the forward shock
at 103" (DeLaney et al., 2002).

transition might have been a better-suited tracer; however, such observations are
not available.

2.1.2 TEMPERATURE MAPS

As an alternative approach to identifying cold dust features associated with
Kepler’s SNR, I created dust temperature maps of the region. As before, the 24—
500 pm maps were re-gridded to a common 1” pixel scale, then convolved with
a Gaussian so that they were all at the 36" resolution of the SPIRE 500 pm beam.
The maps were then background subtracted, using the same sky apertures as pre-
viously. In order to remove the synchrotron component, I made a spectral index
map of the remnant using 6 and 21 cm VLA continuum observations (shown in
the left pane of Figure 2.6), which was used in conjunction with the 6 cm data to
remove the synchrotron flux pixel-by-pixel in each band. The flux in each of the
24-500 pm maps was then compared pixel-by-pixel, and fit with a two-component
greybody model; this returned hot and cold temperature values for every pixel.
Finally, a median filter was used to remove bad pixels (typically the result of the
greybody fit failing due to low signal-to-noise). The resulting temperature maps
are shown in Figure 2.6

As expected, the hot temperature map traces the hot dust emission that
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dominates in the 24 and 70 um images, showing dust warmed by shock heating
as it is swept up by the advancing blastwave. The warmest region, peaking at
~ 105K, corresponds to the bright, dense Northeast arc of the remnant. Also as
expected, the cold temperature map clearly shows the clouds of unrelated interstel-
lar dust to the Northwest and Southwest of the remnant, as visible in the submm
observations. However, the Northeast arc of the remnant also appears to be visible
in the cold map. Interestingly, it lies ~ 10-20" in advance of the 103" outer edge
of the shockfront as visible in X-ray and radio observations (DeLaney et al., 2002),
even when the low resolution (36”) of the temperature maps is considered.

Although our view of Kepler’s SNR is obscured by large amounts of inter-
vening Galactic cirrus, the remnant itself lies above the Galactic plane, in a region
of relatively low-density ISM (Hughes, 1999); there is not enough interstellar dust
in the vicinity of the remnant to account sufficient mass to correspond to a feature
such as the Northwestern arc in the cold dust map.

Similarly, it is unlikely that the swept-up hot dust is merely swept-up ISM;
more likely it is CSM produced by a star in the region of the supernova. And given
the location of Kepler’s SNR above the Galactic plane, and its high peculiar veloc-
ity moving further away from it (Borkowski et al., 1994), it would be surprising if
this CSM originated from a star not associated with the supernova’s progenitor.

If Kepler’s supernova was a standard single-degenerate Type-Ia event, then
it is unlikely that the CSM originates from the white dwarf progenitor itself. White
dwarfs do not have stellar winds, so if the CSM originated from the progenitor, it
would have to have been produced whilst it was undergoing the planetary nebula
phase — immediately after which the newborn white dwarf gave rise to the super-
nova, which somehow didn’t destroy the CSM. A more believable scenario would
be that the CSM originates from a companion star to the progenitor.

Alternatively, the CSM could indicate that Kepler’s supernova was of the
speculative single-star type, arising from a super-AGB star thermonuclear confla-
gration (Miyaji et al., 1980; Denissenkov et al., 2013). Given that such events arise
from stars undergoing significant mass-loss, the presence of CSM swept up by
the remnant would be expected (Silverman et al., 2013). This could also explain
the peculiarities in the elemental abundances observed in the remnant’s spectra,
not characteristic of a standard white dwarf progenitor (Hughes, 1999). Type-Ia
supernovae that exhibit CSM features are preferentially found in late-type galax-
ies with young stellar populations (Maguire et al., 2013), suggesting that younger,
more massive stars play a role in these events (Takahashi et al., 2013). An X-ray
investigation with Chandra of Kepler’s SNR by Reynolds et al. (2007) suggests that
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SN1604 may have had just such an origin.

Regardless, as apparently swept-up material, that the dust associated with
the Northwest feature in the hot temperature map would not have been produced
by the supernova itself. As such, there is no evidence that Kepler’s supernova
resulted in significant dust production. This is surprising, as models of dust pro-
duction in Type-la supernovae predict that a remnant the age of Kepler’s SNR
should contain ~0.01-0.1 Mg of dust, depending upon the density of the local
ISM (Nozawa et al., 2011).

2.2 TYCHO’S SUPERNOVA REMNANT

‘When I had satisfied myself that no star of that
kind had ever shone before, I was led into such
perplexity by the unbelievability of the thing
that I began to doubt the faith of my own eyes.’

TYCHO BRAHE

Observed in November 1572, and described by aristocrat-scientist Tycho
Brahe (Tycho, 1573), Tycho’s Supernova (SN1572) importantly served as the key
counterexample to the notion of the immutability of the heavens in Renaissance
Europe. Examination of the spectra of the supernova’s light echo, reflected by
surrounding interstellar clouds, reveals the explosion to be a standard Type-la
event, supported by the possible detection of a binary companion to the pro-
genitor (Krause et al., 2008). The remnant is located at coordinates « = 6.3308°,
0 = 64.1372° (J2000), in the Galactic plane, at a distance of 3.8 kpc, in agreement
with the distance to the possible progenitor companion (Krause et al., 2008).

The study detailed here of the Tycho remnant closely follows the process
described in Section 2.1 for the Kepler remnant. As with Kepler’s SNR, emission
from the direction of Tycho’s SNR will be a combination of hot dust, synchrotron,
intervening Galactic cirrus along our line of sight, and any cold dust present in
the remnant itself. The remnant was observed in all 6 photometric Herschel bands
as part of the MESS survey. We also made use of Spitzer 24 ym* and Very Large
Array (VLA) 18 cm® data. The observations of the remnant in all these bands are

4 Spitzer Heritage Archive: http://sha.ipac.caltech.edu/applications/Spitzer/SHA/.
> NRAO/VLA Archive Survey (Crossley et al., 2007): http://archive.nrao.edu/nvas/.
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Spitzer 24 um PACS 70 ym [BACS 100 ym  JWACS 160 ym

FIGURE 2.7 Multiwavelength imagery of Tycho’s SNR, as seen in MIR to radio wave-
lengths. Upper row: Spitzer 24 ym; PACS 70, 100, and 160 pm. Lower row: SPIRE 250, 350,
and 500 pm; and VLA 6 cm. The dashed circles have a radius of 280" centred at &« = 6.3308°,
0 = 64.1372° (J2000), representing the photometric aperture employed (the forward shock
radius being 251", Warren et al., 2005). Each cutout is 1000” across.

displayed in Figure 2.7.

Visual inspection of the observations clearly show the emission from hot
dust at <100 pm, tracing the forward shock’s 251" radius (Warren et al., 2005). At
FIR and submm wavelengths Galactic cirrus along our line of sight dominates; no
structures which resemble the remnant are apparent at first glance. However the
regions corresponding to the edge of the remnant do show more emission than
the centre; previous studies have shown that Tycho’s SNR is sweeping up material
from the surrounding ISM (Reynoso et al., 1999; Cai et al., 2009).

Also in the area observed by Herschel are regions of star formation activ-
ity, visible as the bright areas North and West of the remnant in Figure 2.8. The
star-forming regions North-northeast of the remnant, which exhibit the cold tem-
peratures characteristic of pre-stellar cores (André et al., 2009), actually intersect
the position of the supernova’s forward shockfront. Whilst observations of other
remnants have suggested supernova shocks can serve as a means to trigger star
formation (Reach & Rho, 1999), pre-stellar cores take of order 10° years to form;
therefore these cores were already present when the supernova occurred 440 years

ago.
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FIGURE 2.8 Three colour Left: PACS 70, 100, and 160 um, and Right: SPIRE 250, 350, and
500 pm images of a 2,000” x 2,000” region centred upon Tycho’s SNR. Hot dust emission
from the remnant is clearly visible at the shortest Herschel wavelengths, but contamination
from interstellar cirrus quickly dominates at longer wavelengths. The dashed circles have
a radius of 280" centred at & = 6.3308°, § = 64.1372° (J2000), representing the photometric
aperture employed.

2.2.1 PHOTOMETRY AND SED FITTING

As with Kepler’s SNR, the Spitzer PACS, and SPIRE maps of Tycho’s SNR
were re-gridded to a 1” pixel scale and convolved to the 36” 500 pm beam. The
flux of the remnant was measured using a 280" radius aperture, to encompass the
convolved emission at all bands; sky apertures of the same size were placed upon
the darkest region of each map. As with Kepler’s SNR, this means that we are
only measuring the total flux coming from the direction of the remnant, which is
dominated by intervening Galactic cirrus; the bright and variable nature of the
foreground material means there is no way to directly subtract its contribution.
The measured fluxes are compiled in Table 2.3. Uncertainties were determined in
the same manner as described in Section 2.1.1.

The SED of Tycho’s SNR is shown in Figure 2.9. Using the same method
detailed in Section 2.1.1, we fit the SED with the model described by Equation
1.15. The synchrotron component was anchored to a 18 cm flux of 43.8 ]y, with a
mean spectral index of &« = —0.61, taken from Green (2001). We take account of
the 0.5% per year decrease observed in the radio flux, in order for our synchrotron
subtraction to be suitable for the epoch of the Herschel observations. We again use
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TABLE 2.3 MIR-to-submm fluxes measured in the direction of Tycho’s SNR. The photom-
etry was conducted by me, and published in Gomez et al. (2012a). Note that the flux at
100-1,000 pm is dominated by contamination from foreground Galactic cirrus. The contri-
bution of the synchrotron component in each band was determined using the power law
term of Equation 1.15.

Wavelength Integrated Flux Uncertainty Synchrotron Flux

(pm) Jy) Jy) Jy)

24 20.1 +3.0 0.19

70 44.8 +10.8 0.36
100 41.1 +8.8 0.45
160 59.0 +14.1 0.60
250 42.7 +8.6 0.79
350 32.8 +6.5 0.97
500 17.6 +35 1.21

TABLE 2.4 Best fit and bootstrapped parameter estimates produced by fitting the SED
of Tycho’s SNR (Figure 2.9) with the two-greybody model described in Equation 2.1. The
bootstrapped values are presented in the same manner as in Table 2.2.

Parameter Best Fit Bootstrapping
Median Uncertainty
Ty, (K) 89.9 83.9 +234
T: (K) 21.6 22.0 +4.8
M;, (1072 M) 7.1 8.4 -5.6, +16.8
M. (M) 11.1 8.3 -49, +11.7
B 0.6 0.7 £0.5

the Draine & Lee (1984) emissivity model of k509 = 0.1 m? kg_l. Uncertainties were
gauged by means of a boostrapping analysis, the results of which are displayed in
Figure 2.10.

The best fit gives dust temperatures of T, = 89.9K and T, = 21.6K, and
dust masses of M, = 7.1 x 1072Mg and M, = 11.1 M, with B = 0.60. These are
all in agreement with the median parameter values and uncertainties returned by
bootstrapping, which are given in Table 2.4. As with Kepler’s SNR, these results
differ from those published in our analysis in Gomez et al. (2012a), which em-
ployed a fitting routine anchored to the 70 um flux. The derived temperatures are

almost identical (to within 1K), however I find a total dust mass ~2.5 times greater
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FIGURE 2.9 Spectral energy distribution of the fluxes measured towards Tycho’s SNR.
The SED was fit using the model described in Equation 2.1. The dashed lines indicate the
best fit hot and cold dust components, whilst the dotted line is the synchrotron component;
the red line shows the combined SED. Note that this represents all the flux observed in
the direction of the remnant; at wavelengths 100-2,000 pm, the flux in the photometric
aperture is dominated by emission from unrelated Galactic cirrus along our line of sight.
Given the 5 model variables and 7 data points, the fit has 1 degree of freedom.

than the published values; this arises primarily from the fact that j is poorly con-
strained by my fit, as demonstrated by the bootstrapped distribution shown in
Figure 2.10.

As with the SED of Kepler’s SNR, the best-fit SED to the fluxes of Tycho’s
SNR passes within the uncertainty of every data point. Given the 5 model variables
and 6 data points, the fit has 1 degree of freedom; given the best-fit chi-squared of
0.434, this yields x2,, = 0.434, indicating that the model could be over-fitting the
data. By fixing B to a value of 2, it is possible to examine the effect of increasing the
number of degrees of freedom. Another motivation for such a test is the fact that
typical measurements of § for galactic dust (along with x; estimates, such as the
Draine & Lee, 1984 value used here) are in the range 1 < 8 < 2; the best fit value of
B = 0.6 for Tycho is therefore notably low (although the uncertainty of 4+ 0.5 means
that it is nonetheless not incompatible with the standard range). Employing a fixed
B = 2 gives a best fit chi-squared of 3.427, and hence x2,, = 1.718 — therefore under-
fitting the data to a much greater degree than that by which the data was over-fitted

when B was left free. As such, the model in which B is free remains preferred.
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FIGURE 2.10 Distribution of parameters generated by performing 5,000 bootstrap fits to
the dust SED of Tycho’s SNR (Figure 2.9), using the two-greybody model described by
Equation 2.1. Best-fit, bootstrapped median, and boostrapped confidence intervals are
indicated in the same manner as in Figure 2.5. The peak at B ~ 0 is because S is not
permitted to vary to unphysical values of <0. Of the 5,000 bootstrap permutations, 897
(17.6%) returned fits where B < 0.1. In general, § is poorly constrained, with the bootstrap
fits being more-or-less equally likely to fall in the range 0 2 8 2 1.5.
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FIGURE 2.11 Left: Hot dust temperature map of Tycho’s SNR. The hot dust morphology,
as seen in MIR observations, is clearly visible. Right: Cold dust temperature map of the
remnant. As well as the intervening Galactic cirrus, there are cold features at the Southwest
and North-northwest of the remnant that spatially correspond to the hot dust structure.
Each image is 640" across. The solid circles demark the 280" photometric aperture. The
dashed circle indicates the outer edge of the forward shock at 251”. Temperatures are in
units of kelvin.

Even with such a large difference in fit quality, the § = 2 model yields best-fit
parameters® that are all within 20 of the free-8 model, given the bootstrapped

uncertainties, with only a 21% difference in total dust mass.

2.2.2 TEMPERATURE MAPS

I created temperature maps of Tycho’s SNR, as a potential way of identify-
ing cold dust features associated with the remnant. As with Kepler’s SNR, the 24—
500 pm maps were re-gridded to a common 1” pixel scale, then convolved with a
Gaussian so that they were all at the 36" resolution of the SPIRE 500 um beam. The
maps were then background subtracted, using the same sky apertures as for the
photometry. In order to remove the synchrotron component, I also re-gridded the
18 cm VLA continuum maps to the same 1” pixel scale, and extrapolated the flux
to be subtracted using the average spectral index of « = —0.61. The flux in each
set of aligned pixels from 24-500 pm was compared, and fit with a two-component
greybody; this returned hot and cold temperature values for each pixel. Finally, a

6 The B = 2 fityields T, = 62.6K, T, = 13.2K, M, = 1.8 x 10~2M,, (a factor 3.99 decrease), and
M. = 4.2Mg, (a factor 1.21 increase).
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median filter was used to remove bad pixels. The resulting temperature maps are
shown in Figure 2.11. The anomalous feature in the upper right of the temperature
maps is due to a region of low signal-to-noise in the Herschel maps.

The hot dust morphology visible at MIR wavelengths is readily apparent in
the hot temperature map, with particularly prominent hot features to the North-
east, North-northwest, Southwest, and South. These same features seem also seem
to be present as slightly warmer regions in the cold temperature map. In Gomez
et al. (2012a), we show that the hot dust of Tycho’s SNR closely follows the hard
X-ray emission tracing the outer edge of the shock. This emission is most promi-
nent where the shock meets denser patches of ISM, as traced by CO observations
(see Gomez et al., 2012a). Given that all the structures apparently associated with
the remnant in the cold temperature map are co-incident with these collisional fea-
tures, it appears that they originate from swept-up ISM.

The best-fit cold dust mass of M, = 11.1 Mg, is extremely unlikely to rep-
resent the mass of accumulated ISM, as this would suggest that the remnant has
swept up 2 1,000 M, of gas — highly unphysical for a remnant only 440 years old
(therefore still in the Sedov phase). However, our line of sight to Tycho’s SNR
intersects ~ 500-2,000 M, of ISM (Gomez et al., 2012a), so we should expect our
submm fluxes to be dominated by foreground interstellar dust. As this foreground
dust we lie at a different distance than the remnant, the calculated dust mass will
be misleading.

Overall, there is no evidence that significant production of dust occurred in
Tycho’s supernova. As with Kepler’s SNR, this is surprising, as models of dust
production in Type-la supernovae predict that a remnant the age of Tycho’s SNR
should contain ~ 0.01-0.1 Mg, of manufactured dust (Nozawa et al., 2011).

2.3 THE CRAB NEBULA

‘Astronomy can be split into two studies: the
Crab Nebula, and everything else.’

PHIL PLAIT

Observed on 4" July 1054 by Chinese astronomers (Yang, 1054), SN1054 is
the third most recent Milky Way supernova known with confidence to have been a

Type-II event. In contrast to Kepler and Tycho’s Type-Ia supernovee, this makes it
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particularly relevant to study with a view to explaining the potential contribution
of massive-star supernovee to the dust mass in high-redshift galaxies. The remnant
of SN1054, the Crab Nebula (Messier 1), is a pulsar wind nebula located 2 kpc away
(Trimble, 1968), and one of the most studied objects in the sky (see review in Hester
2008). The central Crab Pulsar is essentially the holotypical neutron star by virtue
of its proximity, youth and well-constrained history. The Crab Nebula is located at
coordinates &« = 83.6330°, § = 22.0144° (J2000).

The Crab Nebula exhibits a filamentary structure in its ejecta, visible in the
optical and mid- and far-IR, carved by the activity of the pulsar wind. Also visible,
across almost the entire electromagnetic spectrum, is smooth synchrotron emission
generated by the pulsar’s magnetic field, centred on the jet and torus structure sur-
rounding the pulsar itself. Previous IR observations of the Crab with the Infrared
Space Observatory (ISO) and SCUBA suggested the presence of 0.02-0.07 M, of
dust (Green et al., 2004), whilst studies using Spitzer photometry and spectra have
given dust masses of 0.001-0.01 M, (Temim et al., 2006, 2012).

Investigation of the dust-mass properties of the Crab are complicated by
several factors. Line emission is known to account for a significant fraction of the
mid-IR emission, approaching 50% at 20 pm (Temim et al., 2012); however the line
emission has not previously been characterised at wavelengths >38 um. Also, the
intense magnetic fields of the pulsar wind nebula mean that synchrotron radiation
dominates the emission from the Crab at most wavelengths, from UV to radio;
to further complicate matters, the behaviour of the synchrotron component has
not been well constrained at FIR and submm wavelengths. Moreover, previous
estimates of the dust mass associated with the Crab have been derived only from
observations in the MIR (excepting 850 um SCUBA observations by Green et al.,
2004, which were entirely synchrotron dominated).

The nature of the synchrotron component has been particularly heavily dis-
puted over the past decade. It appears not to be described by a single, continuous
power law, but rather experiences breaks across its wavelength range. Macias-
Pérez et al. (2010) and Temim et al. (2012) suggest a single break, somewhere be-
tween 10pum and 1,000 um (the same range as thermal emission from any dust
present), with a power law spectral index of « = 0.3 breaking to « = 0.7, vary-
ing by over a factor of two accross the remnant (Temim et al., 2006). Comparing
850 pm SCUBA and 20 cm VLA observations to other pre-existing measurements,
Green et al. (2004) find evidence for two breaks in the spectrum, at roughly 250 pm
and 10 pm respectively, but with much less variation in spectral index across the

nebula. Bandiera et al. (2002) even find some justification for a fourth spectral
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SPIRE 350 pm

FIGURE 2.12 Multiwavelength imagery of the Crab Nebula, as seen in MIR to radio
wavelengths. Upper row: Spitzer 3.6, 4.5, and 24 pm; and PACS 70 and 100 um. Lower row:
PACS 160 um; SPIRE 250, 350, and 500 pym; and VLA 22 cm. Note the absence in all bands
of contamination from Galactic cirrus. Each cutout is 450" across, centred at &« = 83.6330°,
6 = 22.0217° (J2000).

index break in the millimetre range. Ultimately, until now there have not been
enough precise, consistent observations over the IR-submm wavelength range to

decisively settle the issue.

2.3.1 PHOTOMETRY AND SED FITTING

The advent of the Herschel era presents us with the ability to address all
of the issues that have, until now, prevented a reliable estimate of the dust mass
of the Crab Nebula. The Crab Nebula was observed both photometrically and
spectroscopically by PACS and SPIRE. Spitzer, Herschel, and VLA imagery of the
Crab Nebula can been found in Figure 2.12. The morphology differs strikingly be-
tween bands, due to variation in emission mechanisms across wavelengths. In the
NIR Spitzer 3.6 and 4.5 ym bands, the observed emission is almost exclusively syn-
chrotron radiation; indeed, the Crab Pulsar, along with its torus and jets, are visible
in the centre of the remnant in these bands. Synchrotron also dominates the flux
at 500 pm, and 22 cm, but at these longer wavelengths its structure is composed
of arcs and lobes. However, from 24-350 pm the filamentary ejecta are clearly vis-
ible, superimposed upon the diffuse synchrotron emission; the flux from these
filaments consists of both line emission and thermal dust emission (see below).

The combination of data from Spitzer, the Infrared Space Observatory (ISO),
PACS Integral Field Unit (IFU), and SPIRE Fourier Transform Spectrometer (FTS)
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spectroscopy provide emission line coverage of the entire dust wavelength range
out to beyond 600 um, allowing for accurate photometric measurement of con-
tinuum dust emission using those same instruments, since the line emission is
now constrained. The recent comprehensive study of near- and mid-IR line emis-
sion in the Crab conducted by Temim et al. (2012) using Spitzer-IRS spectroscopy
places the contribution due to line emission in the 24 pm Spitzer-MIPS band (after
synchrotron subtraction) at 43%; whilst Gomez et al. (2012b) find using ISO and
PACS spectroscopy that line emission contributes an average of 4.9% and 9.9% in
the PACS 70 and 100 pm bands respectively (again after synchrotron subtraction).
Gomez et al. (2012b) find negligible contribution to the PACS 160 um and SPIRE
wavelengths. The SPIRE FTS spectra did, however, provide the first identification
of a noble gas molecule in space, in the form of **ArH™ in the nebula’s filaments
(Barlow et al., 2013).

Serendipitously, Herschel observations of the Crab show that it sits in a re-
gion of sky devoid of Galactic cirrus, as shown in Figure 2.13, in stark contrast to
the Kepler and Tycho remnants. This greatly enhances the reliability of mass and
temperature estimates of dust associated with the remnant, and our ability to anal-
yse the FIR and submm structure of the nebula. Moreover, it means that we can be
confident that any dust associated with the remnant was indeed produced by the

supernova.

Herschel’s sister observatory Planck has the most finely-calibrated
millimetre-range detectors ever placed in orbit, and the two observatories were
designed to make complementary observations — providing the ideal means with
which to address the Crab’s poorly-constrained synchrotron spectrum. Further-
more, observations of the Crab by Planck and Herschel were conducted in the same
epoch, thus negating any inconsistencies born of the remnant’s decreasing syn-
chrotron flux (Aller & Reynolds, 1985). In combination, Herschel and Planck ob-
servations allow for the best determination to date of the synchrotron emission
over the FIR-millimetre wavelength range. Gomez et al. (2012b), using Spitzer,
Herschel, and Planck data, find that at wavelengths 3.6-10,000 um the Crab’s syn-
chrotron emission is fit well by one power law component with spectral index
« = 0.417 £ 0.006, anchored to a flux of 1,489 Jy at a wavelength of 300 mm.

However here I opt to employ a more thorough, Monte Carlo approach to
characterise the behaviour and uncertainty of the synchrotron spectrum, for two
reasons. Firstly, synchrotron emission dominates the flux of the Crab across the
Spitzer and Herschel wavelength ranges; therefore the uncertainty in the flux due to
dust emission in these bands will be sensitive to the uncertainty in the synchrotron
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FIGURE 2.13 Three colour Upper: PACS 70, 100, and 160 pm, and Lower: SPIRE 250, 350,
and 500 pm images of a 1,000” x 1,000” region centred upon The Crab Nebula. The diffuse
redder glow in each image is the synchrotron radiation, which gets progressively brighter
at longer wavelengths. The filamentary ejecta are clearly visible, arising from both line
and thermal dust emission. Note the the lack of contamination from Galactic cirrus, in
contrast to Kepler’s and Tycho’s SNRs. The dashed circles have a radius of 256" centred at
a = 83.6330°, 6 = 22.0144° (J2000), representing the photometric aperture employed.
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subtraction. Secondly, in Gomez et al. (2012b) we only consider the uncertainty in
the spectral index — not the anchor flux.

I performed 10,000 bootstrap fits of the model described by Equation 1.15
to the synchrotron-dominated Spitzer 3.6-8.0 ym and Planck 550-10,000 pm fluxes;
the upper pane of Figure 2.14 shows the synchrotron fluxes with the bootstrapped
fits over-plotted. The bootstrapped parameter distributions for the spectral index
«, and anchor flux Sy, are shown in the lower panes of Figure 2.14. As a matter of
convenience, I retained the choice of 300 mm as anchor wavelength.

The best fit to the unperturbed synchrotron fluxes returns parameter esti-
mates of « = 0.4121 and Sy = 1,436 Jy. The bootstrapped parameter distribu-
tions give iteratively sigma-clipped median values of « = 0.4121 4 0.0041 and
So = 1,434 £ 62 Jy. Note that the best fit and median values are within 0.1% of one
another for both parameters. For expediency, I opt to use the median values to de-
scribe the synchrotron power law, as they are not meaningfully different from the
best fit values, and have the benefit of possessing well-constrained uncertainties.
My spectral index estimate is within the uncertainty of the Gomez et al. (2012b)
value of & = 0.417 4+ 0.006 (but not vice-a-versa).

I used the median « and S to estimate the synchrotron contribution in each
photometric band, and characterised the uncertainty in these estimates by taking
the sigma-clipped standard deviation of the fluxes generated at each wavelength
by the bootstrapped values. The resulting values are given in Table 2.5. This addi-
tional degree of uncertainty introduced by the synchrotron subtraction is signifi-
cant; it corresponds to 11% and 7% of the dust flux at 350 and 500 pm respectively.

Armed with precise determinations of the behaviour of the Crab’s syn-
chrotron radiation and line emission, it is now possible to accurately measure the
contribution of dust emission to the integrated flux of the Crab Nebula. To per-
form photometry of the nebula, I re-gridded the Spitzer 24 ym and Herschel maps
to a 1.6” pixel scale, and convolved them to the 36" resolution of the 500 um beam.
The flux of the remnant in each waveband was the measured using a 256" source
aperture (Figure 2.13) with an annular background aperture. Uncertainties are a
combination of the aperture noise and calibration uncertainties. The measured
fluxes can be found in Table 2.5, and were presented in Gomez et al. (2012b).

I used this photometry to fit the SED of the Crab Nebula following the
method described in Section 2.1.1, using the model described in Equation 2.1,
which consists of two greybody dust components and a power law synchrotron
component. I once again used the x5p9p = 0.1 m? kg_1 model of Draine & Lee (1984),
appropriate for Milky Way dust grains.
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FIGURE 2.14 Upper: Bootstrapped synchrotron spectral energy distribution of the Crab
Nebula, showing the 10,000 fits made to randomly perturbed re-samplings of the Spitzer
3.6-8.0 ym and Planck 550-10,000 pm fluxes. Lower: Distribution of parameters generated
by performing 10,000 bootstrap fits to the synchrotron SED of the Crab Nebula, using the
power law model described by Equation 1.15. Best-fit, bootstrapped median, and boost-
rapped confidence intervals are indicated in the same manner as in Figure 2.5. The best fit
and bootstrapped median values are in excellent agreement.
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TABLE 2.5 NIR-to-submm photometry of the Crab Nebula, as published in Gomez et al.
(2012b). Spitzer 3.6-8.0 um fluxes are from Temim et al. (2006), and Planck fluxes are from
Planck Collaboration et al. (2011b). Spitzer 24 um and Herschel fluxes were measured by
me. Synchrotron flux density in each band was calculated using a power law described
by Equation 1.15, with uncertainties estimated by means of a bootstrapping analysis (Fig-
ure 2.14). Line emission contributions determined using values from Temim et al. (2012)
and Gomez et al. (2012b).

Wavelength Integrated Synchrotron Line Emission
(}lm) Sint (JY) ASint (JY) Ssynch (JY) ASsynch (JY) (JY)

3.6 12.6 +0.2 13.5 +0.1 -

4.5 14.4 +0.3 14.7 +0.1 -

5.8 16.8 +0.1 16.4 +0.1 -

8.0 18.3 +0.1 18.7 +0.1 -

24 59.3 +5.9 29.4 +0.2 13.0

70 212.8 +21.3 45.7 +0.5 8.2

100 215.2 +21.5 52.9 +0.6 16.1

160 141.8 +14.2 64.2 +0.9 -

250 103.4 +7.8 77.2 +1.2 -

350 102.4 +77 88.7 +1.4 -

500 129.0 +9.7 102.8 +1.8 -

550 117.7 +8.5 106.9 +19 -

850 128.6 +9.5 127.9 +25 -

1,382 147.2 +10.8 156.2 +3.4 -

2,098 187.1 +13.3 185.6 +4.4 -

3,000 2254 +15.8 215.0 +54 -

4,286 253.6 +17.9 249.1 +6.6 -

6,818 291.6 +21.6 301.6 +8.5 -

10,000 348.2 +244 353.2 +10.5 -
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FIGURE 2.15 Spectral energy distributions of The Crab Nebula, using the photometry
given in Table 2.5, with flux due to line emission at 24, 100, and 160 um removed. Up-
per: SED fit using a two-component model, with one dust greybody and a synchrotron
power law, as described by Equation 2.2. Black data points show the fluxes to which dust
SED fitting was performed, whereas the grey points are the Spitzer and Planck fluxes used
to constrain the synchrotron emission. The dashed lines indicate the best fit dust com-
ponents, whilst the dotted lines are the synchrotron component; the red lines show the
combined SEDs. The plotted fluxes in both graphs represent the continuum flux only;
the line emission contribution is omitted. Given the 7 data points, the 3 model variables
in the one-greybody fit give it 3 degrees of freedom, whilst the 5 model variables in the
two-greybody fit give it 1 degree of freedom.
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I also attempted an SED fit that employed the synchrotron power law along-
side only one greybody component. This model is described by:

&y MyB(v, Ty) v\*“

The resulting SEDs are shown in Figure 2.15. In order to determine which
SED fit was the most suitable, I compared their chi-squared values and degrees of
freedom to determine the reduced chi-squared value for each. The one-greybody
fit has x> = 2.82 and k = 3, giving x2,; = 0.94. The two-greybody fit has x> = 2.78
and k = 1, giving x2,, = 2.78. Therefore the one-greybody model is the preferred
fit. This is in contrast to the two-greybody fit favoured in Gomez et al. (2012b).
The one-greybody best fit returns a dust temperature of T; = 63.1K, dust mass of
M; = 0.21Mg, and B = 0.61.

Uncertainties for both the one- and two-greybody fits were gauged by
means of a bootstrapping analysis. The best fit values, along with the bootstrapped
median and uncertainty values, for both the one- and two-greybody fits are listed
in Table 2.6. The bootstrapped distributions for each parameter are shown in Fig-
ures 2.16 and 2.17.

Interestingly, several of the two-greybody best-fit values are not in good
agreement with the median values derived from the bootstrapped fits. The best fit
My, M., and M, barely lie within the 1 ¢ confidence intervals of their respective
bootstrapped medians. Moreover, the best-fit dust temperatures of T, = 61.6K
and T, = 33.2K are actually lie outside the confidence intervals. The best-fit value
for Ty, lies at the 69" percentile away from the median along the bootstrapped
distribution, just outside the confidence interval; however the best-fit T; outlies by
2.60, at the 83 percentile. This difference is important; using the median value
of Tc (17 K) instead of the best-fit (33 K) would result in a significantly higher dust
mass, as My « TP, Figure 2.18 compares the x? of each of the two-greybody
bootstrap fits to the corresponding values of T.. This reveals that whilst most of
the bootstrap iterations gave rise to T, < 20K, these low-temperature outcomes
tended to be the worst fits. The bin encompassing the median bootstrapped T,
(16.5K) has an average value of x? that is ~ 3 times greater than that of the bin
encompassing the best-fit T (33.2 K).

In contrast, the bootstrapping of the one-greybody fit gave median values
that agree well with the best fit results, and produced parameter distributions that

are nearly Gaussian (with the exception of minor bimodality in temperature).

The best-fit one-greybody model value of § = 0.61 is a low value. However
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TABLE 2.6 Best fit and bootstrapped parameter estimates produced by fitting the SED of
the Crab Nebula (Figure 2.15) with the two-greybody model described in Equation 2.1, and
the one-greybody model given in Equation 2.2; the one-greybody model is the preferred
fit. The bootstrapped values are presented in the same manner as in Table 2.2. Note that
the total dust mass M, of the two-greybody fit is not a parameter of the model, but rather
the result of summing M), and M,; as fits that return a larger cold mass typically result in
a smaller hot mass (and vice-a-versa), the uncertainty in M; is not a simple combination
of the uncertainties in M, and M,. The best-fit values of Tj, and T, from the two-greybody
fit are not within one standard deviation of their bootstrapped medians; rather, they lie at
the 69 and 83 percentiles away from the median along the bootstrapped distributions.

Parameter Best Fit Bootstrapping

Median Uncertainty

One-Greybody

T, (K) 63.1 61.7 +7.1
M,; (M) 0.21 021  -0.05,+0.07
B 0.61 0.68 +0.32

Two-Greybody

T;, (K) 61.6 47.1 +135
T. (K) 33.2 16.5 +64
M;, (1072 M) 17 71  -5.9,+35.7
M. (M) 0.28 060 -0.37,+0.95
B 1.58 1.78 +0.85
M; (M) 0.30 075  -0.46,+1.20

even if the SED fit is repeated with a fixed value of B = 1, the one-greybody fit
exhibits a reduced chi-squared of X%ed = 1.51 - still superior to the two-greybody
model — with T; = 57.2K and M; = 0.15Mg. Repeating both the one- and two-
greybody model fits using a more standard interstellar value of = 2 produces
best-fit chi-squared values of 11.05 for the one-greybody fit’, and 2.95 for the two-
greybody fit® — corresponding to x2,; = 2.48 and x2,; = 1.48 respectively. Therefore
both of these are also inferior to the free-beta one-greybody fit. Indeed, for the 4
degrees of freedom in the one-greybody fixed B = 2 model, the critical value of chi-
squared is 9.49 — as such, the best-fit chi-squared of 11.05 indicates that this is in

7 The best-fit one-greybody model with a fixed 8 = 2 (for which k = 4) gives T; = 44.2K and
My = 0.07Me.

8 The best-fit two-greybody model with a fixed 8 = 2 (for which k = 2) gives T}, = 54.0K, T, =
26.0K, M;, = 1.8 x 1072M,,, and M, = 0.36 M.



60 CHAPTER 2. DUST IN SUPERNOVA

0.14

0.12f

Normalised Count
© o o ©
o o (=) -
> (=) [ee) (=]

e
o
)

0 20 40 60 80 107 0" ' 10°
Cold Dust Temperature (K) Cold Dust Mass (Mg)
0.14

0.12¢

Normalised Count
e o o ©
o o (=) [
> (=] ) (=]

e
o
)

1 102 0 10°
Beta Total Dust Mass (M)

FIGURE 2.16 Distribution of parameters generated by performing 5,000 bootstrap fits to
the dust SED of the Crab Nebula (Figure 2.15), using the one-greybody model described
by Equation 2.2. This model yields the preferred fit. Best-fit, bootstrapped median, and
boostrapped confidence intervals are indicated in the same manner as in Figure 2.5.

fact a failed fit. Whilst for the best-fit two-greybody B = 2, the returned parameters
are within the boostrapped uncertainties, despite the far poorer fit quality.

My photometry was used in Gomez et al. (2012b) to fit the Crab’s SED, an-
chored to the 70 pm flux. Also, instead of modelling dust emissivity as varying ac-
cording to v#, they used optical constants appropriate to carbon grains, as carbon-
rich ejecta are indicated by the Herschel spectroscopy. Specifically, they use the ‘BE’
amorphous carbon model of Zubko et al. (1996) for the dust emissivity, with the
grain density taken from Rouleau & Martin (1991). Using this model, Gomez et al.
(2012b) found the SED to be well fit by a two-greybody model, with a warm dust
component at temperature Ty, = 63.43:; K, cold dust component at temperature
T. = 341“%2 K, and a total dust mass of M; = 0.12 + 0.01 M, (using a model with
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FIGURE 2.17 Distribution of parameters generated by performing 5,000 bootstrap fits to
the dust SED of the Crab Nebula (Figure 2.15), using the two-greybody model described
by Equation 2.1. This model does not yield the preferred fit. Best-fit, bootstrapped median,
and boostrapped confidence intervals are indicated in the same manner as in Figure 2.5.
The peak at B ~ 0 is because  is not permitted to vary to unphysical values of <0. Of the
5,000 bootstrap permutations, 141 (2.8%) returned fits where g < 0.1.
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FIGURE 2.18 Plot of the cold dust temperature and x? of the bootstrap fits found in Fig-
ure 2.17, performed by fitting the model given in Equation 2.1 to the SED of the Crab
Nebula (Figure 2.15). The darker points show the average x? value in each bin of tempera-
ture, with error bars showing the standard error on the mean of each. The solid line marks
the best-fit value (33.2 K), whilst the dashed line indicates the sigma-clipped median value
from the bootstrap distribution (16.5K). This demonstrates that the fits which returned
temperatures similar to the best fit tended to have much better x? values than the fits in
the region of the median temperature

silicate instead of carbon grains results in a mass of M; = 0.24f8€ Mg). Uncer-
tainties were estimates by finding the range of fits which could adequately fit the
data. A one-component fit was not found to be suitable. The Gomez et al. (2012b)
best-fit dust masses are not in agreement with my own; however we ascribe this to

the different dust emissivity models used.

All of the dust mass estimates we derived with Herschel data are well in
excess of pre-Herschel values (Green et al., 2004; Temim et al., 2006), by more than
an order of magnitude. Given the lack of unrelated Galactic cirrus surrounding the
remnant, or along our line of sight, we can be confident that this dust has indeed
been manufactured in the supernova. Moreover, the fact that the Crab is a pulsar
wind nebula, apparently in a region of low-density ISM, means that there is no
reverse shock threatening to destroy the dust in the future. We can therefore be
reasonably confident that this dust will survive in the long term, and contribute to
the galactic dust budget — a statement we cannot make about the dust reservoirs of
Cas A or SN1987A, as their reverse shocks are expected to cause dust destruction
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in the future. If the Crab does indeed harbour 0.22 M, of dust, this would mean
that almost all of the metals that were present in the Crab’s progenitor, and those

which were nucleosynthesised in SN1054, have been processed into dust grains
(Woosley & Weaver, 1995; Nomoto et al., 2006; Woosley & Heger, 2007).

2.3.2 RESOLVED COMPONENT SEPARATION

The lack of significant contamination from Galactic cirrus, as well as our
ability to constrain the various components of emission in the Crab, combined with
Herschel’s unparalleled FIR and submm resolution, mean that I was able to perform
the first ever resolved component separation of the synchrotron, warm dust and
cold dust emission in a supernova remnant. The distribution of the massive cold
dust component is of particular interest; if it truly is manufactured supernova dust,
then we should expect it to be confined primarily to the filamentary ejecta. This
work was carried out for inclusion in Gomez et al. (2012a), and so used a two-
temperature greybody model for the dust.

Firstly, I created a spectral index map of the Crab by performing a pixel-
by-pixel comparison between the Spitzer 4.5 um and SPIRE 500 pm maps, both of
which are dominated by the synchrotron component. To make the maps suitable
for direct comparison, I re-gridded each to a 1.6” pixel scale, and background sub-
tracted them with the same sky annulus used for the global photometry. I applied
an extinction correction factor of 1.08 (Temim et al., 2012) to the 4.5 um map, then
convolved it to the 36" 500 um beam. To avoid the comparison returning spurious
spectral indices in pixels with low signal-to-noise, the spectral index was only cal-
culated for pixels where the the 4.5 um surface brightness was >2.3 u1Jy arcsec 2
(6 pJy per pixel). The resulting spectral index map, having been deconvolved back
to the resolution of the 4.5 pm image, is displayed in the left panel of Figure 2.19.

In broad agreement with previous studies, I find the spectral index to be rel-
atively flat (« ~ 0.3) in the central region surrounding the pulsar, whilst it steepens
(v = 0.7) in the outer reaches of the nebula. However, whereas Temim et al. (2012)
meaure the spectral index to be much shallower in the South of the remnant (~ 0.3)
than the North (~ 0.8), my map contains no such dichotomy. Instead, I generally
tind the spectral index to be shallowest in the regions of the nebula dominated by
the pulsar jets. The Temim et al. (2012) spectral index map was created by compar-
ison of Spitzer 3.6 and 4.5 ym observations, meaning that it has far superior spatial
resolution to my own. However, using two such closely adjacent wavebands will

result in a much larger uncertainty on the derived synchrotron slope. Whereas by
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FIGURE 2.19 Left: Spectral index map of the Crab Nebula, created by comparison be-
tween the synchrotron-dominated Spitzer 4.5 and SPIRE 500 pm observations of the rem-
nant. The ‘spots” are due to stars visible in the 4.5 pum data. Centre: Map of synchrotron
emission from the Crab at 24 um, created using the spectral index map and 4.5 pm Spitzer
data. Right: Map of warm dust emission from the Crab at 24 pm.

using bands separated by two orders of magnitude, my map sacrifices resolution

in exchange for a vastly lower uncertainty in spectral index.

In order to extract the warm dust component, the Spitzer 24 pym data was
used. I made a map of the synchrotron emission at by comparing the spectral in-
dex map to the synchrotron-dominated 4.5 pm data to extrapolate the synchrotron
flux expected in each pixel at 24 um. This image was then convolved to the 7 reso-
lution of the Spitzer 24 ym beam; the resulting synchrotron emission map is shown
in the central panel of Figure 2.19. I used this map to remove the synchrotron flux
from the emission-line-subtracted 24 pm image. After that, the 43% flux correction
due to line emission was applied; this was done globally, as the Temim et al. (2012)
determination of the 24 um line emission contamination used spectra taken of only
a few small regions of the nebula. This left behind only the flux due to the warm
dust in the remnant, as shown in the right panel of Figure 2.19. The 24 pm syn-
chrotron map of the Crab is generally similar to the NIR synchrotron-dominated
morphology, with the jet and torus structure in the remnant core clearly visible. In
the synchrotron- and line-subtracted 24 um map, the diffuse emission is entirely
removed, showing that the thermal emission from the warm dust component fol-

lows the filamentary structure of the optical ejecta.

With the synchrotron-subtracted 24 pm map serving as a tracer of its lo-
cation, the warm dust component can be disentangled from the cold dust at FIR
wavelengths. This was done using the 160 pm PACS data, as this wavelength fea-
tures both significant emission from the cold component, as well as a relatively
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FIGURE 2.20 Left: Map of synchrotron emission from the Crab at 160 pm. Centre: Map of
warm dust emission from the Crab at 160 um. Right: Map of cold dust emission from the
Crab at 160 pm.

high resolution of 12”. Firstly, the synchrotron component at 160 pm was extrapo-
lated using the spectral index map. The resulting image of the synchrotron emis-
sion at 160 pm is shown in the left panel of Figure 2.20. The synchrotron emission
in the Crab at 160 pm bears morphological similarities to both the NIR synchrotron,
with bright areas in the location of the jets and torus, and arc features like those
visible at radio wavelengths.

The distribution of warm dust emission at 160 pym was found by assuming
that the flux traced by the 24 ym warm dust map is at a characteristic temperature
of Ty = 59K; the corresponding flux at 160 um in each pixel due to this warm
dust emission was then calculated. The resulting image of the warm dust emis-
sion in the remnant at 160 pm is shown in the centre panel of Figure 2.20. It was
then possible to subtract both the synchrotron and warm dust emission from the
160 pm PACS map, revealing for the first time the spatial distribution of the newly
discovered cold dust component in the Crab Nebula, shown in the right panel of
Figure 2.20.

The cold dust, like the warm dust, appears to be confined mainly in the fil-
aments in the nebula. However, relative to the warm dust, it appears to be notice-
ably more concentrated in the Southeast of the remnant. Also, it is not distributed
amongst the filaments in the same manner as the warm dust; some filaments with
less warm dust possess more cold dust (and vice-a-versa) relative to their overall
distributions. This is most easily seen in the West of the remnant. The reasons for
this are unclear, but it is worth considering that in such a hostile environment as a
pulsar wind nebula, dust grains will only be able to survive under certain condi-
tions; for example, in the sheltered environment of the denser filaments. Also the
Crab’s pronounced oblate spheroid shape suggests that SN1054 was somewhat



66 CHAPTER 2. DUST IN SUPERNOVA

asymmetrical, potentially distributing different types of material in different di-
rections, as is observed in Cas A, another core-collapse supernova (Fesen et al.,
2006). Of course, this apparent effect could also be due to flaws in how the com-
ponent separation was carried out. In particular, the approximation that all of the
Crab’s warm dust has a characteristic temperature of 59 K is naive, and will break
down at some point. Nonetheless, the flux contained in the synchrotron, warm
dust, and cold dust maps are compatible with the flux ascribed to each component
in the global SED fit; the agreement is to within 4% at 24 pum, and to within 11%
at 160 pm; less than the photometric uncertainty in each band. This is interesting,
as resolved component separation of dust emission from nearby galaxies does not

produce values that agree with global measurements (Smith et al., 2012b).

2.3.3 ADDRESSING A COUNTER-CLAIM REGARDING THE DUST
MASS OF THE CRAB NEBULA

“Those people who think they know everything

are a great annoyance to those of us who do.”

ISAAC ASIMOV

After our work on the Crab Nebula was published in Gomez et al. (2012b),
Temim & Dwek (2013) claimed that a ‘physical’ model of dust heating in the rem-
nant yields a lower, and more plausible, dust mass than our own. They find a dust
mass of 0.019 M assuming carbon grains (as carbon grain composition is sup-
ported by the spectra) — a factor of ~ 6 less than the mass we find in Gomez et al.
(2012b), and a factor of 11 less than the mass I derive here. Alternatively, assuming
silicate grains, they find a dust mass of 0.13 M.

Temim & Dwek model the heating of the dust by a source located at the
centre of the pulsar wind nebula. They calculate the resulting dust temperatures
of a continuum of grain sizes, at a range of distances from the centre of the nebula.
From this they then calculate the corresponding dust mass using optical constants.

However, their model is not quantitatively better than ours. They state that
their best fit has %, = 0.06, compared to x2,; = 0.94 for my single-greybody pre-
ferred fit, indicating that their model significantly over-fits the data in comparison
to mine.

We also have questions regarding other aspects of their methodology.
Temim & Dwek impose an upper limit of 5pm upon the size of the dust grains
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in the remnant, despite the fact their own model requires grains larger than this to
properly fit the FIR fluxes. Such grains would be larger than the maximum grain
size predicted by models of dust condensation in core-collapse supernovee (Todini
& Ferrara, 2001). But if grains this large are present, as the large-grain portion of
the Temim & Dwek model (which they chose to ignore) suggests, then their low
temperatures mean that their mass-to-luminosity ratio would be high indeed, and

contribute significantly to the total dust mass of the Crab.

It appears that much of the difference between the dust mass estimates of
the Crab discussed here arises from differing assumptions about the emissivity
properties of the dust. Whereas here I assume a simple model where x, « vF,
Gomez et al. (2012b) and Temim & Dwek (2013) use optical constants. But whilst
Gomez et al. uses the ‘BE” amorphous carbon model of Zubko et al. (1996), Temim
& Dwek uses the “AC” amorphous carbon model of Rouleau & Martin (1991).
When Temim & Dwek use the BE model instead, they arrive at a dust mass of
0.04 M, which more than halves the factor by which their mass estimate differs
from that of Gomez et al..

There are reasons to suspect that the choice of the AC optical constants by
Temim & Dwek was not the correct one. They opt for the AC model as it is com-
plete down to wavelengths of less than 0.1 pm, where much of the dust absorption
occurs; this permits them to more reliably compute grain temperatures. However,
emission beyond a wavelength of 300 pm is not constrained by the AC model.
Given that the grain size distribution of Temim & Dwek suggests that there are
large, cold grains present in the Crab — a fact they nonetheless disregard — it is
important to accurately account for the longer-wavelength emission. In order to
deal with emission at wavelengths >300 pm, Temim & Dwek use a power law to
extrapolate the AC model. However they provide no physical justification for this
approach — nor do they even even state the power law used. Note that Temim
& Dwek identify the longer wavelengths as being where their model fits the ob-
served fluxes least well. The BE model employed by Gomez et al., however, covers
the entire 0.1-1,000 pm wavelength range. Moreover, only by using the BE optical
constants can a fair, direct comparison to the Gomez et al. masses truly be made.

Also, whilst Temim & Dwek find the BE fit has a larger x? value than the
AC fit, this is actually a point in its favour. Given that Temim & Dwek report that
the AC fit has x> = 1.86, we can infer that the model has 31 degrees of freedom. As
the BE model has the same number of variables, it should also have 31 degrees of
freedom; we can therefore infer that its fit exhibits a reduced chi-squared of x2,, =
0.10, which means that this fit should generally be preferred over the x2,; = 0.06
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of the AC fit.

Finally, Owen & Barlow (2015) have performed a full radiative-transfer
modelling of the Crab Nebula, which suggests a dust mass of 0.3-0.7 M; larger
than the best-fit masses derived by myself, Gomez et al., or Temim & Dwek. I note,
however, that 0.3 and 0.7 M, are the best-fit and median dust masses suggested by
my two-greybody model — and are in line with the dust mass observed in SN1987A
(Matsuura et al., 2011; Indebetouw et al., 2014).

It may well be the case that the ‘physical” approach followed by Temim &
Dwek is superior to simple greybody fitting — both methods involve numerous
assumptions and simplifications. But we feel that the issues described here make
it impossible to say that their approach provides a more accurate or reliable dust

mass estimate for the Crab Nebula.

2.4 CONCLUSION

Using observations taken by Herschel as part of the MESS survey of evolved
stars, along with supplementary multiwavelength data, I have carried out pho-
tometry and modelling of the NIR-radio emission of the remnants of supernovae
SN1604 (Kepler’s), SN1572 (Tycho’s), and SN1054 (the Crab); this work was pub-
lished in Gomez et al. (2012a) and Gomez et al. (2012b).

The remnants of Kepler’s and Tycho’s supernove, both Type-la events,
show no evidence of dust manufactured by the supernovae. Observations of both
remnants suffer from severe contamination from unrelated Galactic cirrus along
our of line of sight. The MIR-submm SEDs of both remnants are well-fit by a
three-component model — two modified greybodies representing hot and cold dust
components, and a power law for the contribution of synchrotron radiation. The
contributions of the unrelated cold interstellar dust along our line of sight, and
any cold dust in the remnants, could not be disentangled. The best-fit parameter
estimates for both remnants, along with bootstrapped medians and uncertainties,
can be found in Table 2.7.

I produced temperature maps of the hot and cold dust components of Ke-
pler’s and Tycho’s SNRs. The hot temperature maps traced the hot dust structures
visible in MIR observations. But in both cases, the cold temperature maps also
show evidence of structures associated with the remnants. In the case of Tycho's
SNR, these coincide with regions where the expanding remnant is observed to

be colliding with surrounding ISM, suggesting that the structures correspond to
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TABLE 2.7 Best fit and bootstrapped parameter estimates produced by fitting the dust
SEDs of the remnants of Kepler’s, Tycho’s, and the Crab supernovee. Kepler’s and Tycho’s
SNRs were best fit using the two-greybody model described in Equation 2.1, whilst the
Crab Nebula was best fit using the one-greybody model described by Equation 2.2. The
Bootstrapped values are the sigma-clipped median and standard deviation of the boot-
strapped distribution of each parameter. The sigma-clipped standard deviations of the
dust masses were calculated in logarithmic space, where the distribution is much more
symmetric; as a result, the upper and lower confidence intervals are asymmetric in linear
space.

Parameter Best Fit Bootstrapping

Median Uncertainty

Kepler’s SNR

T;, (K) 84.3 81.3 +20.7
T, (K) 19.5 19.8 +3.1
M;, (1073 M) 45 45 -3.1,49.0
M, Ms) 2.3 2.1 0.7, +1.1
B 1.4 1.4 +0.3
Tycho’s SNR

Ty, (K) 89.9 83.9 +23.4
T, (K) 21.6 22.0 +48
M, (1072 M) 7.1 84  -5.6,+16.8
M, (Mo) 11.1 83  -49,+117
B 0.6 0.7 +0.5
The Crab Nebula

T; (K) 63.1 61.7 +7.1
M; (Mg) 0.21 021  -0.05,+0.07

B 0.61 0.68 +0.32
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swept-up interstellar dust. Kepler’s SNR, on the other hand, lies out of the Galac-
tic plane in an area of low-density ISM, making it unlikely that the temperature
map structures correspond to swept-up interstellar dust; rather, it appears to be
circumstellar material. Such circumstellar material may have originated from a
stellar companion of the supernova progenitor, or could suggest that Kepler’s su-
pernova may have been of an exotic variety, with a lone super-AGB progenitor
star.

The lack of evidence for dust manufacture in either supernova is surprising,
as models predict that Type-la supernovae should produce large quantities of dust.
It is thought that such dust is eventually destroyed by the harsh conditions of the
remnant, but not in remnants as young as Kepler’s and Tycho’s.

Observations of the Crab Nebula, the remnant of a Type-II supernova, are
not contaminated by unrelated Galactic cirrus. However the remnant’s pulsar
wind nebula gives rise to a complex synchrotron component, which had to be ac-
counted for before the dust emission could be characterised. Fitting the flux in
the synchrotron-dominated 3.6-8 um Spitzer and 550-10,000 pm Planck bands indi-
cated that the synchrotron emission is well-described by a power law (described
by Equation 1.15), with a spectral index of « = 0.4121 £ 0.0041, and an anchor flux
of So = 1,434 £+ 62 Jy at a wavelength of 300 mm; uncertainties were estimated by
means of a bootstrapping analysis.

With the synchrotron component subtracted, and line emission contribu-
tion accounted for using ISO, Spitzer, and Herschel spectroscopy, it was possible
to disentangle the flux emission due to dust emission. I found that the Crab’s
dust SED was well-fit by a one-greybody model, with T; = 63.1K, dust mass of
M; = 021 Mg, and B = 0.61. Bootstrapped medians and uncertainties for these
parameters can be found in Table 2.7. I created the first ever map of the distribu-
tion of cold dust in a supernova remnant by means of a resolved component sep-
aration, which revealed that the dust is found primarily in the filamentary ejecta.
Combined with the minimal amount of interstellar material in the region of the
Crab Nebula, this means that we can be confident that the dust was manufactured
by the supernova. The remnant’s lack of a reverse shock strongly suggests that this
dust will survive long-term, and be injected into the galactic dust budget; this is
the first — and to date, only — detection of dust in a supernova remnant for which

this can be said.



CHAPTER 3
HAPLESS: ASSEMBLING A BLIND,
DUST-SELECTED GALAXY SAMPLE

‘Choose well. A choice is brief, and yet endless.”

JOHANN WOLFGANG VON GOETHE

ITH the launch of Herschel, we truly entered the era of multiwavelength
W astronomy. The submillimetre was the last part of the electromagnetic
spectrum to be fully exploited in the study of celestial objects. Many
surveys have been undertaken by Herschel, and other observatories, with the aim
of understanding dust in nearby galaxies. However, there has never previously
been a large-area submillimetre-selected survey of local galaxies — despite the fact
that the majority of the dust mass in a galaxy emits primarily in this wavelength
regime. In this chapter, I detail how I assembled HAPLESS: the Herschel-ATLAS
Phase-1 Limited Extent Spatial Survey. HAPLESS is a blind, volume-limited sur-
vey, and represents the first ever sample of galaxies in the local volume selected
purely on the basis of their submillimetre luminosity. The work presented in this
chapter is published in Clark et al. (submitted).
Throughout, I adopt the cosmology of Planck Collaboration et al. (2013),
specifically Hy = 67.30kms~! Mpc~!, O, = 0.315,and Q5 = 0.685.

3.1 SAMPLE SELECTION

I assembled a volume-limited, submm-selected sample of local galaxies us-
ing the catalogue of the H-ATLAS Phase-1 Version-3 internal data release, which
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is described in Section 1.5.2. H-ATLAS Phase-1 consists of three fields coincident
with the fields of the GAMA survey, which is itself described in Section 1.5.2.1, and
which supplies spectroscopic redshifts for the majority of the sources.

I selected sources from a distance range of 15 < D < 46 Mpc. The lower
distance limit of 15Mpc was put in place for two reasons. Firstly, a number of
sources in the H-ATLAS catalogue were found to have very low redshifts to which
they had been incorrectly matched. This happened when a foreground Milky Way
star lay in front of a distant, submm-bright background galaxy, which resulted in
the H-ATLAS source being erroneously associated with the low (often negative)
recessional velocity of the star; imposing a requirement of D > 15Mpc excluded
the bulk of these mismatched objects. Secondly, the peculiar motions of galaxies
renders recessional velocity an unreliable estimator of distance below ~ 15Mpc.

Of the 109,231 sources contained in the H-ATLAS Phase-1 Version-3 cata-
logue, 86,036 (79%) are matched to optical counterparts, determined via a radially-
dependant likelihood ratio technique, where reliability > 0.8 (being the probabil-
ity that the selected counterpart is the correct one, out of all possible counterparts
within a 10” search radius) is required for a matched to be deemed science-quality
(Smith et al., 2011). Of the sources with counterparts, 44 were in the distance
range 15 < D < 46 Mpc; all possess redshifts classed as science-quality by GAMA
(Driver et al., 2011). Of these, 39 have reliable SDSS counterparts; the 5 sources
excluded were revealed by inspection to all be due to the incorrect association of
foreground Milky Way stars with background galaxies.

To ensure that we were not missing sources from our sample, we compared
the position of every galaxy in our volume found in the NASA /IPAC Extragalactic
Database (NED?) to the H-ATLAS maps and catalogues. This lead to the inclusion
of 3 additional galaxies; 1 which lay outside the GAMA spectroscopic footprint, 1
which had an incorrect redshift in the preliminary GAMA data used for source-
matching, and 1 which lay too close to a foreground star to allow for a reliable au-
tomated match (visual inspection reveals that the resolved submm source clearly
corresponds to the galaxy in question, not the foreground star). Note that because
NED includes redshifts from a wide range of sources, the depth to which it is spec-
troscopically complete varies across the sky.

The final 42 galaxies form the Herschel-ATLAS Phase-1 Limited-Extent Spa-
tial Survey, hereafter referred to as HAPLESS. Multiwavelength imagery of the
galaxies that make up the sample can be found in Figure 3.1. The basic proper-

ties of the HAPLESS galaxies, such as their common names, coordinates, redshifts,

1 http://ned.ipac.caltech.edu/
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distances, and morphologies, can be found in Table 3.1; the location of each in the
H-ATLAS GAMA fields is shown in Figure 3.5.

Distances were calculated using spectroscopic redshifts, velocity corrected
by GAMA (Baldry et al., 2012) to account for bulk deviations from Hubble flow
determined according to the method of (Tonry et al., 2000), which accounts for
the motion of the Local Group relative to the CMB due to the gravitational influ-
ence of the Virgo Cluster and the Great Attractor. In the nearby regions of the
GAMA fields, this correction is dominated by the influence of the Virgo Cluster
— especially in the case of GAMA12, which lies in close proximity to Virgo. The
velocity correction for every GAMA source at D < 180 Mpc is shown in Figure 3.2.
For Hp = 67.30 km s~! Mpc !, the distance limits we impose correspond to a (flow
corrected) redshift range of 0.0035 < z < 0.01. Reliable redshift-independent dis-
tances were used for the two sources for which they were available; the distance to
UGC 06877 has been determined using surface brightness fluctuations (Tonry et al.,
2001), and the distance to NGC 5584 is known from measurements of Cepheid vari-
ables (Riess et al., 2011).

I obtained morphology information from the EFIGI catalogue of Baillard
et al. (2011), which includes 76% of the HAPLESS galaxies; I visually classified the
remainder (all of which were compact dwarf galaxies) using their prescription.

Comparing r-band absolute magnitude (listed in Table 3.2, with photome-
try and radial profiling conducted according to the process laid out in Chapter 4)
to distance, as shown in the upper pane of Figure 3.3, shows that there does not
seem to be any bias against the inclusion of less optically-luminous galaxies that lie
further away. However, there appears to be fewer galaxies located at greater dis-
tances, despite the larger volume sampled. The equally-sized GAMA09, GAMA12,
and GAMAU15 fields, from which this sample is drawn, contain 1, 16, and 25 of
the HAPLESS galaxies respectively (lower pane of Figure 3.3); the statistical like-
lihood of any field containing no more than 1 of the 42 galaxies, by chance, is less
than 0.01%. This difference, and the lack of sources sampled in the higher redshift
bins, could arise from strong variations in density due to large scale structure. The
distribution in right ascension and redshift of the submm-selected HAPLESS and
optically-selected GAMA galaxies are displayed in Figure 3.4 to illustrate the large
scale structure present in the sampled volume. The position of each of the HAP-
LESS sources within the GAMA fields is shown in Figure 3.5; even within each
field, the galaxies of the sample appear to be clustered.

In order identify a complete sample (necessary for Section 6.4), I further
isolated the portion of our sample which is limited by intrinsic submm luminosity.
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TABLE 3.1 Basic properties of the galaxies of the HAPLESS sample.

HAPLESS Common name H-ATLASIAU ID SDSSRA  SDSS DEC z Velocity® Distance Morphology?  Flocculence”
(J2000 deg) (J2000 deg)  (helio)  (km ) (Mpc) (T)

17 UGC 06877 HATLAS J115412.1+000812  178.55114 0.13663  0.00379 1336 18.3¢ -1 0.25
2 PGC 037392 HATLAS J115504.7+014310 178.77044 1.71981 0.00421 1796 26.7 8 0.75
3 UGC 09215 HATLAS J142327.2+014335 215.86297 1.72630 0.00457 1726 25.6 6 0.75
4 UM 452 HATLAS J114700.5-001737 176.75303 -0.29422  0.00470 1970 29.3 11 0.25
5b PGC 052652 HATLAS J144430.6+013120  221.12828 1.52201 0.00475 1728 25.7 10 0.25
6 NGC 4030 HATLAS J120023.7-010553 180.09843 -1.10008 0.00477 1978 294 3 0.75
7 NGC 5496 HATLAS J141137.7-010928 212.90774 -1.15908 0.00488 1840 274 6 0.75
8 UGC 07000 HATLAS J120110.4-011750 180.29502 -1.29751  0.00489 2016 30.0 9 0.50
9 UGC 09299 HATLAS J142934.8-000105 217.39416 -0.01823 0.00516 1904 28.3 9 1.00
10 NGC 5740 HATLAS J144424.3+014046  221.10186 1.67977  0.00520 1890 28.0 3 0.50
11 UGC 07394 HATLAS J122027.6+012812  185.11526 1.46974 0.00526 2197 32.7 7 0.25
12 PGC 051719 HATLAS J142837.8+003311  217.15652 0.55280 0.00527 1952 29.0 7 0.50
13t LEDA 1241857 HATLAS J145022.9+025729  222.59524 2.95853 0.00533 1928 28.6 10 0.50
14 NGC 5584 HATLAS J142223.4-002313 215.59903 -0.38766  0.00548 2033 22.1f 6 1.00
15° MGC 0068525  HATLAS J144515.7-000936 221.31587 -0.15953  0.00548 1964 29.2 10 0.25
16 UGC 09348 HATLAS J143228.6+001739  218.11878 0.29402 0.00558 2044 304 8 0.50
17 UM 456 HATLAS J115036.2-003406 177.65119 -0.56866 0.00561 2250 334 10 0.75
18 NGC 5733 HATLAS J144245.8-002104 220.69130 -0.35108  0.00565 2028 30.1 9 0.75
19 UGC 06780 HATLAS J114850.4-020156 177.21002 -2.03224  0.00569 2261 33.6 8 0.75
20 NGC 5719 HATLAS J144056.2-001906 220.23484 -0.31821 0.00575 2067 30.7 1 0.25
21 NGC 5746 HATLAS J144455.9+015719  221.23300 1.95495 0.00575 2077 30.9 1 0.25

% HAPLESS 1 (UGC 06877) is an AGN (Osterbrock & Dahari, 1983) known to exhibit UV continuum emission (Markaryan et al., 1979).

b HAPLESS 5, 13, 15, 22, 24, 41, and 42 are not included in the luminosity-limited sub-sample.

¢ Velocity is corrected to account for bulk deviations from Hubble flow (Baldry et al., 2012).

4 From EFIGI catalogue of detailed morphologies (Baillard et al., 2011).

M HAPLESS 1 (UGC 06877) redshift-independent distance from surface brightness fluctuations measurement (Tonry et al., 2001).

HAPLESS 14 (NGC 5584) redshift-independent distance from Cepheid variable measurement (Riess et al., 2011).
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UGC 06877

PGC 037392

UGC 09215

NGC 4030

FIGURE 3.1 Multiwavelength imagery of each of the HAPLESS galaxies. The bands dis-
played, from left-to-right, are: GALEX FUV, SDSS gri three-colour, VIKING Kg-band, and
Herschel 250 pm. Each cutout is 250”on a side. Two sources do not have GALEX coverage.



3.1. SAMPLE SELECTION 77

UGC 07000
L o
= ]
L -
UGC 09299 |

NGC 5740

UGC 07394

e

PGC 051719

FIGURE 3.1 - Continued



78

CHAPTER 3. HAPLESS: SAMPLE ASSEMBLY

LEDA 1241857

NGC 5584

MGC 0068525

UGC 09348

NGC 5733

FIGURE 3.1

— Continued



3.1. SAMPLE SELECTION

UGC 06780

i F i

NGC 5719

NGC 5746

NGC 5738

NGC 5690

UM 456.‘ :

FIGURE 3.1 - Continued

\O



80 CHAPTER 3. HAPLESS: SAMPLE ASSEMBLY

NGC 5750

e T

Ry
""".I_ :}

L
w
&

-

NGC 5705

-

UGC 09482

-

NGC 5691

29

w
NGC 5713

30

-

UGC 09470

FIGURE 3.1 - Continued



3.1. SAMPLE SELECTION

81

UGC 06903

UGC 07531

il

UGC 07396

CGCG 014-014

FIGURE 3.1 - Continued




82 CHAPTER 3. HAPLESS: SAMPLE ASSEMBLY

UGC 06879

CGCG 019-003

UGC 04684

NGC 5725

UGC 06578

MGC .0066574 4§

FIGURE 3.1 - Continued



3.1. SAMPLE SELECTION 83

800 — :
: ; GAMA09
: et o . GAMAI2
; e - GAMAI5
: 1
S of ‘.

600} Ce K
: wuloo
e
. i Tw

400F i r.nml i ’ e .
: ’5}" : ° ‘*‘-"""-... B3 8 @ 4, SR W\ 000

(X Ad :

-

R el
R : i

Velocity Correction (km s™!)

~200——50""720 60 80 100 120 140 160 180
Distance (Mpc)

FIGURE 3.2 The velocity correction applied to each source in the GAMA fields out to
D = 180 Mpc, determined according to the method of (Tonry et al., 2000), which accounts
for the motion of the Local Group relative to the CMB due to the gravitational influence of
the Virgo Cluster and the Great Attractor. The particularly pronounced velocity corrections
required in the GAMA12 field are due to its proximity to the Virgo Cluster. The dotted lines
indicate the 15 and 46 Mpc distance limits of the HAPLESS sample.

Of the 42 HAPLESS galaxies, 35 would still be detected were they located at the
turthest distance of the volume sampled (46 Mpc). This 250 pum luminosity limit
is 2.8 x 107 L, (corresponding to a 250 pm flux of 35 m]y at a source distance of
46 Mpc). Following the assumptions detailed in Section 5.1, this is equivalent to a
dust mass limit of 7.4 x 10° M, for a dust temperature of 14.6 K (the average cold
dust temperature of the sample — see Chapter 6). The 7 sources fainter than this
limit are HAPLESS 5, 13, 15, 22, 24, 41, and 42.

This is a 250 pm-selected sample; whether or not a galaxy is bright enough
to be detected depends upon both the mass and temperature of its dust. A very
large mass of cold dust will be much fainter than a smaller mass of warm dust.
Whereas 9.2 x 10* Mg of 25K dust would be detected at 46 Mpc, 6.2 x 10° Mg of
15K dust would not. Although we caution that even hot galaxies can be missed if

they posses too little dust; I revisit this issue in Section 6.4.1.

Finally, UGC 06877 (HAPLESS 1) is an AGN (Osterbrock & Dahari, 1983),
with a significant contribution from non-thermal continuum emission in the UV

(Markaryan et al., 1979). This contaminates our star formation rate estimate for
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FIGURE 3.3 Upper: Heliocentric redshift against absolute r-band magnitude for the galax-
ies of the HAPLESS sample. The different colours denote whether the galaxy lies in the
GAMAQ09, GAMA12, or GAMALIS5 fields sampled as part of the H-ATLAS Phase 1 data
release. Lower: The redshift distribution of HAPLESS sources in the different fields.

this galaxy, rendering it unreliable.

In order to quantify the influence of cosmic variance upon the number of
galaxies present in the sample, we use the formula of Driver & Robotham (2010),

whereby the percentage cosmic variance (., of a survey is given by:

219.7 — 52.41log,,[V] + 3.21(log,[V])?
VN

leo = (1.00 — 0.03v/X — 1) x (3.1)

where X is the aspect ratio of the survey fields; V is the sampling volume of each
of the survey’s independent volumes; and N is the number of independent vol-
umes in the survey. H-ATLAS GAMA consists of N = 3 fields, all with aspect
ratios of X = 4, in each of which HAPLESS samples a volume of V = 514 Mpc®.
This therefore yields a cosmic variance for HAPLESS of (., = 166%. This high
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FIGURE 3.4 The large scale structure in the GAMA09, GAMA12, and GAMAL15 fields.
Black points show the (flow-corrected) positions of optical sources, with the HAPLESS
galaxies highlighted in colour. The HAPLESS distance limits of 15 < D < 46 Mpc are
demarked by dotted black lines. Upper: The GAMA survey fields out to a distance of
180 Mpc, showing the large-scale structure present in this region. All GAMA DR2 galaxies
brighter than r;,; = —16.5 (the 7, of the faintest HAPLESS galaxy in the luminosity-
complete sub-sample) in the 46 < D < 180 Mpc distance range are shown. Lower: Detailed
view of the HAPLESS volume, showing all NED sources present in our distance range.
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TABLE 3.2 Miscellaneous measured and derived properties of the HAPLESS galaxies.
Photometry and radial profiling conducted according to the process laid out in Chapter 4

HAPLESS 7y, R25, R28,,, FUV-Kg
(Mag) (arcsec) (arcsec) (mag)

1 -18.0 32 33 3.07
2 -17.2 11 17 2.03
3 -19.6 67 80 2.13
4 -17.8 21 14 3.16
5 -17.2 28 13 3.58
6 222 131 124 451
7 -20.1 124 125 2.66
8 -19.0 36 37 241
9 -18.4 39 81 1.35
10 -20.6 89 10 4.39
11 -18.4 54 56 3.74
12 -17.8 21 26 3.08
13 -16.3 13 8 3.14
14 -20.2 9% 92 2.72
15 -17.4 19 10 3.74
16 -18.8 43 36 4.26
17 -17.7 21 21 1.55
18 -18.5 25 28 2.21
19 -19.1 102 - <3.5b
20 -21.0 115 34 7.00
21 -22.3 210 - >3.5¢
22 -18.9 24 34 7.12
23 -20.7 86 87 4.96
24 -16.5 10 15 1.82
25 21.2 97 51 5.85
26 -19.9 75 82 2.39
27 -17.9 37 36 2.90
28 -20.6 68 39 3.99
29 21.7 93 53 4.55
30 -18.5 33 35 2.24
31 -20.1 65 74 2.94
32 -18.2 18 15 3.60
33 -17.8 13 15 1.58
34 -18.7 35 15 1.16
35 -18.9 36 46 2.78
36 -17.7 21 23 2.32
37 -20.2 61 56 4.09
38 -17.5 14 13 2.70
39 -19.8 36 42 2.34
40 -18.8 32 29 2.60
41 -16.5 26 35 0.64
42 -15.2 4 9 247

7 Note that UGC 06877 (HAPLESS 1) is an AGN (Osterbrock & Dahari, 1983), with a contribu-
tion from non-thermal continuum emission in the UV (Markaryan et al., 1979).

b Sources UGC 06780 (HAPLESS 19) and NGC 5746 (HAPLESS 21) do not have GALEX cover-
age, so there is not a FUV magnitude with which to determine their FUV-Kg colour. I predict
what side of the FUV-Kg < 3.5 colour criterion they lie upon using Figure 3.7 (Section 3.1.1).
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FIGURE 3.5

— Continued — This Page: The H-ATLAS GAMA12 field.
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value is in keeping with the stark differences between the numbers and distribu-
tions of galaxies in the three fields, clearly seen in Figure 3.4. The total number
of sources listed in the NASA/IPAC Extragalactic Database (NED?) in the same
volume as our sample is 141, therefore we detect 30% of this population. The
GAMAOQ09, GAMA12, and GAMA15 fields contain 1, 16, and 25 HAPLESS sources
respectively, representing detection rates of 7%, 24%, and 42%.

3.1.1 CURIOUS BLUE GALAXIES

The majority of the galaxies in our sample possess very late-type, irregular
morphology (Hubble stage T > 8), although there are two early types (HAPLESS
1 and 22). Furthermore, a large fraction of the sample exhibit a high degree of
flocculence (as defined by the EFIGI catalogue). In all, 24 of our sample are classed
as irregular, and 19 as highly flocculent; 31 are one or the other, whilst 11 are both
(Table 3.1). These galaxies are bright in the submm and UV, indicating significant
dust mass and high Specific Star Formation Rates (SSFRs). They are optically blue,
and exhibit extremely blue UV-NIR colours, arising from the fact that, along with
being UV-bright, they are NIR-faint; examples of this can be seen in Figure 3.6. We
find a UV-NIR colour-cut of FUV-Ks < 3.5 to be an effective criterion for identifying
such galaxies — the systems selected by this cut consistently display the interesting
properties in question, whilst redder systems consistently do not. This approach
is supported by the work of Gil de Paz et al. (2007), who found FUV-Kg colour to
be a powerful diagnostic for discriminating morphological type.

GALEX coverage is not available for 2 of the HAPLESS galaxies, therefore
there is no FUV-Kg colour with which to classify them. However, the colour u-Kg
is well correlated with FUV-Kg, as can be seen in Figure 3.7. The ratio of FUV-
Ks to u-Kg across this sample is well fit by a Gaussian distribution with y = 1.75
and ¢ = 0.21. Therefore it can be stated with 3 ¢ confidence that a source with
u-Kg <1.76 will have FUV-Kg <3.5. This indicates that of the 2 HAPLESS galaxies
without GALEX coverage, 1 is a member of our curious blue population; visual
inspection confirms that it exhibits irregular and extremely flocculent morphology.
The FUV-Ks colours of the HAPLESS galaxies can be found in Table 3.2, whilst
the photometry used to acquire the requisite magnitudes is described in detail in
Chapter 4.

These curious blue galaxies (those with FUV-Kg< 3.5) span a wide range
of sizes, from 1.3 to 33.3kpc, with a median major axis of 9.3kpc (derived from

2 http://ned.ipac.caltech.edu/
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FIGURE 3.6 Multiwavelength imagery of four examples of the curious very blue galaxies
found in the HAPLESS sample. From left-to-right they are, UGC 09299, NGC 5584, NGC
5733, and NGC 5705 (HAPLESS 9, 14, 8, and 26). The bands displayed, from top-to-bottom,
are: GALEX FUV, SDSS gri three-colour, VIKING Ks-band, and PSF-filtered Herschel 250
pm. Each image is 150" x 150”. Note the blue optical colours, flocculent morphologies,
NIR faintness, and bright extended UV emission.
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FIGURE 3.7 FUV-Ks colour against u-Kg colour for the HAPLESS galaxies. The two
colours are well correlated. A colour criterion of FUV-Kg < 3.5 is used to classify galaxies as
belonging to the curious very blue population described in Section 3.1.1. Whether a point
is blue or cyan denotes the FUV-Kg colour of the source, as separated by the FUV-Ks =3.5
criterion, with hollow circles indicating galaxies not in our luminosity-limited sub-sample;
this colour scheme will be used throughout subsequent plots. FUV data is not available for
all HAPLESS galaxies, but the correlation in this plot allows us to state with 3 o confidence
that a source with u-Kg <1.34 (as demarked by the dotted line) will have FUV-Kg <3.5.

the r-band R25, as measured in Chapter 4). Whilst many of them, particularly the
larger examples, possess disks, they often lack defined spiral structure, and show
only a weak bulge contribution. Of the 42 HAPLESS galaxies, 27 (64%) satisfy the
very blue FUV-Kg < 3.5 criterion; 25 (93%) of these exhibit irregular and/or highly
flocculent morphology. Of the 15 HAPLESS galaxies with FUV-Kg > 3.5, irregular
and/or highly flocculent morphology is exhibited by only 7 (47%).

3.2 CONCLUSION

In this chapter, I have described how I used the Herschel-ATLAS Phase-1
Version-3 internal data release to assemble HAPLESS: the Herschel-ATLAS Phase-1
Limited Extent Spatial Sample — a blind, volume-limited, dust-selected sample of
42 nearby galaxies.

This sample appears to be strongly affected by large scale structure, with
a large variation in number counts between the survey fields, and an estimated
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cosmic variance of 166%.

Noticeable amongst HAPLESS are a subset of curious very blue galax-
ies. Often irregular and/or flocculent in morphology, these galaxies appear to be
prominent in the local dusty universe. Exhibiting extremely blue UV-NIR colours,
I found a colour criterion of FUV-Kg < 3.5 to be an effective way of identifying these

interesting systems.






CHAPTER 4
CAAPR: BESPOKE PHOTOMETRY
FOR THE HAPLESS GALAXIES

‘Make not, when you work a deed of shame,
The scoundrel’s plea, “My forbears did the same!”’

ABU AL-"ALA” A’MAD IBN "ABD ALLAH IBN
SULAIMAN AL-TANU’'I AL-MA’ARRI

HILST the HAPLESS sample, the assembly of which was described in
W Chapter 3, provides us with a new way to study dusty galaxies, it also
presents a panoply of challenges. Foremost amongst these was find-
ing a way to perform accurate and consistent aperture photometry, using a diverse
multiwavelength dataset, upon galaxies that display a wide range of characteris-
tics. To that end, this chapter describes CAAPR: Chris’ Adequate Aperture Pho-
tometry Routine. This chapter also describes the tests I performed upon CAAPR to
ensure its reliability and stability. The work presented in this chapter is published
in Clark et al. (submitted).

4.1 MOTIVATION

The H-ATLAS Phase-1 Version-3 catalogue includes UV, optical, and NIR
photometry for the counterpart of each H-ATLAS source (thus including the HAP-
LESS sources), performed by GAMA. As described in Section 1.5.2.1, GAMA carry
out their own reductions of GALEX, SDSS, UKIDSS-LAS, VIKING, and WISE ob-
servations, to ensure that the photometry they perform across surveys is consistent

95



96 CHAPTER 4. CAAPR: PHOTOMETRY FOR THE HAPLESS SAMPLE

FIGURE4.1 Examples of apertures used by GAMA to perform photometry upon galaxies
in the HAPLESS sample, demonstrating the inability of their pipeline to cope with nearby
galaxies, especially those that are highly flocculent. The images are SDSS r-band; the cyan
contours show the distribution of the 250 um emission, whilst the dark blue ellipses show
the photometric aperture GAMA used for each source. The white scale bar is 30" across in
each case. Image provided by Nathan Bourne.

(see Section 1.5.2.1). Their fnugrizYJHK photometric pipeline is described in Hill
et al. (2011), and uses SExtractor (Bertin & Arnouts, 1996) to produce apertures

for the photometry of each source.

As was made clear in Chapter 3, HAPLESS consists of a diverse set of sys-
tems. It represents nearly the full gamut of galaxy morphologies (although is dom-
inated by late types), and spans well over an order of magnitude in both physical
and apparent source size. Many of the HAPLESS objects exhibit a high degree of
irregularity and flocculence, especially members of the curious very blue popula-
tion described in Section 3.1.1. Indeed, in the EFIGI morphological catalogue of
4,458 nearby galaxies (Baillard et al., 2011), HAPLESS 14 (NGC 5584) is used as the
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archetype of a maximally flocculent galaxy. The process used to acquire photome-
try for the HAPLESS galaxies needs to be able to cope with this diversity.

The primary scientific interests of the H-ATLAS and GAMA consortia in-
volve studying galaxies well beyond the local volume. Of the 20,464 galaxies in
the H-ATLAS Phase-1 Version-3 catalogue matched to optical counterparts with
reliable GAMA spectroscopic redshifts, 16,836 (82%) lie at redshifts z > 0.1. More-
over, the majority of the remaining 82,676 sources without reliable spectroscopic
redshifts possess photometric redshift estimates of z > 0.3. Likewise, the SDSS,
VIKING, and other supplementary surveys exploited by GAMA are similarly fo-
cused on objects beyond the nearby Universe. Consequently, the photometry
pipelines of H-ATLAS, GAMA, SDSS, and similar surveys are concerned primar-
ily with making accurate measurements of distant galaxies, which tend to be of
small angular size; therefore not well resolved in the optical, and unresolved in
the submm. In contrast, the majority of the HAPLESS galaxies have angular sizes
in excess of 1. This compounds with the flocculent nature of many of the HAP-
LESS galaxies, with the result that they are prone to getting ‘shredded” — mis-
interpreted as several separate sources of emission — by the source-extraction rou-
tine employed by GAMA. Even in the cases of less flocculent HAPLESS galaxies,
their sheer angular size confounds the standard GAMA pipeline. Figure 4.1 shows
the photometric apertures fit by GAMA to several of the HAPLESS galaxies; the
dimensions of the GAMA apertures (in dark blue) bear little relation to the shape
and size of these galaxies. The UV-MIR photometry provided by GAMA is com-
pletely inappropriate for sources in the local volume. Furthermore, the H-ATLAS
Phase-1 Version-3 catalogue only includes approximate ‘by hand” photometry for
extended SPIRE sources, and no photometry at all for extended PACS sources.

It was clear that HAPLESS required a bespoke multiwavelength photome-
try pipeline. This in fact presented an opportunity; HAPLESS would be furnished
with a truly cross-comparable, aperture-matched photometric dataset — a valuable
resource in this era of multiwavelength astronomy, especially in light of the in-
creasing use of panchromatic SED-fitting tools such as MAGPHYS (da Cunhaetal.,
2008). To that end, I created CAAPR: Chris” Adequate Aperture Photometry Rou-
tine. For the HAPLESS sample, CAAPR carries out photometry in 20 wavebands,
spanning over 3 orders of magnitude in wavelength, from GALEX FUV to Herschel
500 pm. The properties of each waveband are detailed in Table 4.1.

In panchromatic astronomy, making directly-comparable measurements of
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TABLE 4.1 Details of the wavebands used in CAAPR photometry of the HAPLESS galax-
ies.

Band Instrument Survey Wavelength ~ Resolution
(m) (arcsec)
FUV  GALEX GALEX-GAMA 152 x 1077 4.0
NUV  GALEX GALEX-GAMA 227 x 1077 5.6
u SDSS - 3.54 x 1077 1.3
g SDSS - 4.77 x 1077 1.3
r SDSS - 6.23 x 1077 1.3
i SDSS - 7.63 x 1077 1.3
Z VISTA VIKING 8.78 x 1077 1.0
Y VISTA VIKING 1.02 x 107° 1.0
i VISTA VIKING 1.25 x 107° 1.0°
H VISTA VIKING 1.65 x 107° 1.0°
Kg VISTA VIKING 2.15 x 107° 1.0
34um WISE - 3.37 x 107° 6.1
4.6pum WISE - 1.21 x 107° 6.4
12um  WISE - 1.21 x 107° 6.5
22um  WISE - 222 x 107 12
100 um  Herschel-PACS H-ATLAS 1.0 x 107 7
160um  Herschel-PACS H-ATLAS 1.6 x 1074 12
250um  Herschel-SPIRE  H-ATLAS 25 x 1074 18
350um Herschel-SPIRE H-ATLAS 35 x 1074 25
500pum  Herschel-SPIRE  H-ATLAS 50 x 1074 36

Quoted SDSS imaging resolution represents maximum typical seeing (Pier et al., 2003).
Quoted VISTA imaging resolution represents maximum typical seeing (Andrews et al.,
2014).

a source’s flux at a range of wavelengths is often a far less complex task than mak-
ing directly-comparable estimates of the uncertainties on those fluxes. But obtain-
ing meaningful derived properties of galaxies from tools such as MAGPHYS (or
other, less complex SED-fitting routines) is equally dependant upon them being
provided with accurate fluxes and accurate uncertainties. Consider the wide range
of noise environments present in the different wavebands of imaging data listed
in Table 4.1, GALEX is dominated by pure photon arrival statistics, VISTA suffers
significantly from sky brightness, and SPIRE experiences a large contribution from
confusion noise. The uncertainty estimation process in CAAPR would have to be
able to produce reliable flux uncertainty estimates in this full range of situations.
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TABLE 4.2 Comparison of the resolution and sensitivity of the various NIR imaging sur-
veys covering the H-ATLAS GAMA fields, for which GAMA provides supplementary re-
ductions.

Survey Resolution Depth (mag)
(arcsec) z/Z Y i H K/ Kg
SDSS <1.3* 20.5 - - - -
UKIDSS-LAS  <1.2Y - 20.5 20.0 18.8 18.4
VIKING <1.0° 23.1 22.3 22.1 21.5 21.2

? Quoted SDSS imaging resolution represents maximum typical seeing (Pier et al., 2003).

b Quoted UKIDSS-LAS imaging resolution represents maximum typical seeing (Lawrence
et al., 2007).

¢ Quoted VIKING imaging resolution represents maximum typical seeing (Lawrence et al.,
2007).

4.1.1 EXCLUDING UKIDSS-LAS

The supplementary imaging data reductions carried out by GAMA include
both UKIRT UKIDSS-LAS and VISTA VIKING, which feature almost identical NIR
wavelength coverage. Similarly, VIKING has an overlap of one waveband with the
SDSS. In this work, I opt to use the VIKING data, for several reasons.

The first and foremost reason is that VIKING is significantly more sensitive
in all bands (see Table 4.2). VIKING is 2.6 magnitudes (a factor of 11) deeper in
Z-band than SDSS is in z-band (the filters of which differ slightly, having effective
wavelengths separated by 25nm). Likewise, VIKING is 2.1-2.8 magnitudes (a fac-
tor of 5-13) deeper than UKIDSS-LAS in the bands that they share. Enhanced NIR
sensitivity is valuable, given the NIR faintness displayed by many of the HAPLESS
galaxies. (see Section 3.1.1).

Secondly, VIKING consistently benefits from better seeing conditions than
either UKIDSS-LAS or the SDSS (see Table 4.2). Even in K-band, the diffraction
limit for UKIRT is 0.15”, smaller than the detector pixel size; hence seeing com-
pletely dominates the resolution achieved.

Thirdly, whilst UKIDSS-LAS uses a K-band filter!, VIKING employs a Ks-
band filter?; whilst the two have similar effective wavelengths, the K-band filter
has a wider overall passband. The VIKING Kg-band filter is almost identical to

! http://www.jach.hawaii.edu/UKIRT/instruments/wfcam/user_guide/description.html.
2 http://www.vista.ac.uk/Files/vts_rds/VIS-PRO-ATC-06032-0003.pdf.
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the Ks-band filter of 2MASS, making it straightforward to perform direct compar-
isons of their photometry (typically requiring a correction of ~ 0.001 mag?®). This
becomes useful when comparing HAPLESS to other samples in Chapter 6.

4.2 THE CAAPR PIPELINE

This section describes the process followed by CAAPR in performing pho-
tometry. The pipeline consists of three distinct stages: fitting a source aperture,
measuring the source’s flux, and estimating the uncertainty on that flux. CAAPR
is, in essence, a ‘simple” aperture photometry routine. It employs ellipses as source
apertures, elliptical annuli as background apertures, and randomly-placed sky
apertures to estimate noise. The procedure took initial inspiration from the method
devised by Auld et al. (2013) for SPIRE photometry of the Herschel Virgo Cluster
Survey (HeViCS). CAAPR is written in Python 2.7.

What follows is a step-by-step description of the operation of CAAPR for a
given source. The main steps (1, 2, 3, etc) give an outline of the fundamentals of
the process, whilst the substeps (a, b, ¢, etc) provide further details of the workings
of the pipeline. The key stages of the process are illustrated by Figure 4.2.

Tests carried out to determine the validity of the pipeline can be found in
Sections 4.4, 4.5, and 4.6. The results of these tests motivated many of the stages in
the pipeline.

4.2.1 APERTURE FITTING

The initial stage of CAAPR involves defining for each source the aperture
which will be used to perform the photometry. This aperture fitting procedure is

conducted in the following manner.

1  Centred on the SDSS coordinates given in the H-ATLAS Phase-1 Version-3
catalogue for the source, a 2000” x 2000” cutout is produced for each band
in which coverage is available*. From this point onwards each cutout, in

sequence, undergoes the aperture-fitting process in its entirety.

3 http://casu.ast.cam.ac.uk/surveys-projects/vista/technical/
photometric-properties.

4 GAMA-GALEX coverage does not include 4 of the HAPLESS galaxies (HAPLESS 19, 21, 33, and
34). However for two of them (HAPLESS 33 and 34), I was able to locate shallow observations in
the GALEX archive: http://galex.stsci.edu/GR6/.


http://casu.ast.cam.ac.uk/surveys-projects/vista/technical/photometric-properties
http://casu.ast.cam.ac.uk/surveys-projects/vista/technical/photometric-properties
http://galex.stsci.edu/GR6/
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FIGURE 4.2 [Illustration of the stages of the CAAPR aperture-fitting process, using
GALEX FUV imagery of galaxy NGC 5584 (HAPLESS 14) as an example. Pane 1 shows the
inner 500” x 500" portion of the full cutout, centred upon the target source. Pane 2 shows
all of the pixels in the cutout with SNR >3 (based on the cutout pixel noise, estimated ac-
cording to Step 4). Pane 3 shows the significant pixels associated with the target source,
contained within their convex hull (red points). Pane 4 shows an ellipse fitted to the con-
vex hull; this ellipse provides the position angle and axial ratio of the source aperture.
Pane 5 depicts the incremental annuli used to establish the semi-major axis at which the
annular mean per-pixel SNR <2 (thin concentric lines); 1.2 times this distance is then used
as the semi-major axis of the source aperture (thick line). Pane 6 displays the final source
aperture (thick line) and sky annulus (thin lines). The apertures at all bands for a given
sources are then compared to select the largest, which is then employed for all bands.
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3

The choice of 2000” x 2000” as the cutout size was made as this size is
sufficient to contain the largest galaxy present in H-ATLAS, NGC 5746
(HAPLESS 21), with sufficient additional space for background and sky

apertures.

The cutout is checked for large contiguous regions where a lack of coverage

is represented by pixel values of 0; if found, such regions have their pixels
values changed to be NaN (Not a Number).

a

Typically, map regions without coverage are represented by pixel values
of NaN. However, this is not the case for the GALEX data. In the case of
any of the other instruments, it would be trivial to simply replace pixels
containing a value of 0 to instead contain a value of NaN. However,
GALEX observations are based upon pure photon counting — meaning
it is possible for a pixel to genuinely have received no photons during
the course of an exposure. Therefore there will be many 0-value pixels
in areas of actual coverage; these pixels cannot simply be converted to
NaNs, as their presence conveys important information about the noise
characteristics of the map. However, it is also important that the O-value
pixels that represent regions of no coverage are converted to NaN pixels;
otherwise, these regions will be interpreted as being ‘noiseless’, resulting
in an underestimate of the sky noise. Consequently, additional steps
have to be taken when processing GALEX imagery.

GALEX cutouts where more than 10% of the pixels contain a value of 0
are deemed to be ‘at risk” of having large areas without coverage filled
with 0-value pixels. If a GALEX cutout is found to not be “at risk’, then it
undergoes no further processing in this regard. Otherwise, it is treated

to remove any large contiguous regions of 0-value pixels.

An “at risk” GALEX cutout is convolved with a boxcar kernel with a di-
ameter of 10 pixels. In map regions with actual coverage, this has the
effect of ‘washing out” any 0-value pixels. But large contiguous regions

of 0-value pixels remain unchanged.

Any remaining 0-value pixels in the convolved GALEX cutout can now
be safely assumed to trace areas without coverage. These pixels in the

unconvolved cutout are converted to NaNs.

In UV-NIR bands, bright foreground stars were removed from the cutout, in

order to prevent aperture contamination.
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The SDSS DR9 (Ahn et al., 2012) catalogue was queried to identify the
locations of the brightest 20% of stars in the cutout. For ugriZ-bands,
the brightest 20% of stars were selected using the corresponding ugriz
columns of the SDSS DR9Y catalogue. Locations for stars in the non-SDSS
bands were also taken from the SDSS DR9 catalogue; using SDSS u-band
for GALEX, and SDSS z-band for VIKING and WISE. This was because
the SDSS was still found to provide the most complete and robust identi-
tication of the stars present — particularly in the cases of the very bright-
est stars, the artefacts associated with which often resulted in them being
missed by the catalogues of other surveys (such as UKIDSS-LAS).

Each star is profiled using a curve-of-growth technique, which defines
the stellar-contaminated region to be masked. Starting at a radius dic-
tated by the resolution of the current band (so as not be effected by satu-
rated stars), concentric circular annular apertures are placed around the
star. Each annulus has a width of 1 pixel, and a radius 1 pixel greater
than than the annulus interior to it. The mean per-pixel flux of each an-
nulus is compared to that of the annulus immediately preceding it. The
edge of the region to be masked is defined by the annulus for which the
mean per-pixel flux is > 80% that of the annulus immediately preceding
it.

Each pixel inside the masked region is replaced by means of a random

sampling of the pixels immediately adjacent to the edge of the mask.

4 A preliminary estimate is made of the per-pixel noise and the average pixel

value in the cutout. This is done by iteratively-sigma-clipping the cutout

pixel values (with a 5 ¢ clipping threshold).

a

Iterative sigma clipping is a tool used frequently throughout CAAPR,
as it provides an invaluable way of estimating both the average and the
scatter in a given set of values, whilst accounting for outliers in a well-
controlled and consistent manner. For the set of values in question, the
average (by default the median) and standard deviation are calculated.
All values that lie more than a certain threshold away from the average
(by default 3 times the standard deviation, although 5 standard devia-
tions are used for Step 4) are deleted from the set of values. The average
and standard deviation are then re-calculated for the clipped set of val-

ues. This process repeats until the calculated average varies by less than
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FIGURE 4.3 Histogram illustrating the process of iterative sigma-clipping, using the ex-
ample of making an initial estimate of the per-pixel noise in a cutout, as per Step 4. Plotted
in green is the distribution of pixel values of the 2000” x 2000” GALEX FUV photome-
try cutout of NGC 5584 (HAPLESS 14). The solid grey lines indicate the bounties of the
clipped region (at 5 standard deviations away from the median), moving progressively
inwards with each clip iteration, until converging. The dashed grey line indicates the me-
dian pixel value after the final iteration. Note that the y-axis scale is logarithmic; of the full
set of 346,921 pixel values that underwent the iterative-sigma-clipping process, 337,438
(97.3%) remain inside the 5 ¢ boundies of the final clip.

a given factor (by default 0.001) between iterations. This process is illus-
trated in Figure 4.3.

5 CAAPR isolates the region of the cutout that contains emission from the tar-

get source

a  Using the estimates from Step 4 for the average pixel value and per-pixel
noise, CAAPR identifies the significant pixels, defined as those pixels
where SNR > 3. This is illustrated in Pane 2 of Figure 4.2.

b  Every contiguous group of significant pixels in the cutout is catalogued,
and assigned a unique identifier.

¢ Acircular aperture (with a radius equal to the beam-width in the current
band) is placed in the centre of the cutout. In the vast majority of cases,
all of the significant pixels found in this aperture will belong to a single
contiguous feature, corresponding to the target source. This feature is
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thereupon isolated, and assumed to be representative the shape (though
not necessarily the size of the target source.

d However, if no significant pixels are found inside the circular aperture,
or if significant pixels belong to two separate contiguous features are
present, then Step 6 goes on to assume that the source is circular in
shape.

6  An ellipse is fitted to the contiguous feature of significant pixels isolated in
Step 5; this ellipse provides the position angle and axial ratio (ie, the shape,
but not the size) of the ellipse which will serve as the source’s best-fit photo-

metric aperture in the current band.

a CAAPR finds the vertices of the convex hull of the shape made by the
significant pixels associated with the source, as illustrated in Pane 3 of
Figure 4.2. The convex hull of a shape is the tightest possible polygon
which will enclose that shape. In two dimensions, it can be thought of
as the outline traced by an elastic band made to snap around the edge of
an object.

b  An ellipse is least-squares fit to the vertices of the convex hull; this is
illustrated in Pane 4 of Figure 4.2. The position angle and axial ratio
of this ellipse will be used for the source’s photometric aperture in the
current band.

7 The semi-major axis of the source aperture is determined by placing concen-
tric elliptical annuli (with the position angle and axial ratio determined in
Step 4) around the source in increments of 1 pixel-width, centred upon the
optical position. The annuli are increased in size until the mean per-pixel
SNR <2; the semi-major axis of this annulus is then multiplied by a factor
of 1.2 to provide the semi-major axis of the source annulus aperture. This is
illustrated in Pane 5 of Figure 4.2.

a  The reason for this extension factor of 1.2 is that some flux associated
with any source with a Sersic profile (ie, the vast majority of galaxies)
will fall beyond the edge of any practical SNR cutoff. This is true not
only for this SNR technique, but also a curve-of-growth approach (Over-
cast, 2010), and the SDSS Petrosian method (Blanton et al., 2001). An
extension factor of 1.2 is large enough to be confident of encompassing
nearly all the flux, whilst small enough to minimise aperture noise.
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8  The process laid out in this subsection is repeated with each available band
for a given source. The semi-major and -minor axes determined for each
band are corrected for the size of the beam (see Table 4.1), by subtracting half
the beam width in quadrature. The corrected semi-major axes are compared,
and the largest is chosen to be the semi-major axis of the final source aperture;
likewise for the semi-minor axes. Similarly, the position angle corresponding
to the largest corrected semi-major axis is selected as the position angle of the
tinal source aperture. For the vast majority of the HAPLESS galaxies (73%),
it was the GALEX FUV or NUV band which defined the size of the aperture.
The instances when this was not the case were typically earlier-type galaxies,
where a NIR band defined the aperture size — typically VIKING Z-band. The
selected aperture was used to perform photometry for all bands, with the
exception of PACS (see Section 4.2.1.1).

9 As a by-product of the aperture-fitting process, the radial profile of each
source is recorded. Using this information, the r-band R25 and FUV R28

for each source was determined; these values are given in Table 3.2.

4.2.1.1 PACS APERTURE FITTING

For standard H-ATLAS PACS 100 and 160 pym data reduction, Nebuliser
(Irwin, 2010) was used to flatten the maps before they were run through
Scanamorphos (Roussel, 2013). For sources with apertures >2.5, I used the raw
Scanamorphos maps instead, as Nebuliser removes some emission at these larger
scales. Nonetheless, I still find that using the same apertures for PACS as for the
other bands can result in poor-quality 100 and 160 um photometry. Flux at 100 and
160 pm tends to be concentrated towards the centres of galaxies, often resulting
in a small patch of flux at the centre of a needlessly large aperture. Examples are
shown in Figure 4.4. The high amount of noise in the PACS maps means that when
apertures are too large, the aperture noise will be large compared to the flux, poten-
tially yielding an uncertainty that suggests a non-detection — even when emission
associated with the source is clearly visible at the centre of the aperture. As a re-
sult, CAAPR defines the PACS apertures separately, using the 250 pym SPIRE maps,
as these are reliable indicators of where detectable dust emission is present.

For 100 um sources with SNR>1 (according to photometry with the new
apertures), the improvements are modest; the median change in flux is by a negli-
gible factor of 0.998, the median SNR increases from 7.3 to 8.0, and the number of
sources with SNR > 1 increases from 26 to 27.
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FIGURE 4.4 Examples of instances where the standard aperture generated by CAAPR
for a given source is far larger than the region containing detectable emission in the PACS
bands. These images, each 300" across, show UGC 09299 (HAPLESS 9, left) and UGC 06780
(HAPLESS 19, right) as they appear at 160 um, in comparison to the size of the standard
aperture (shown in cyan). In the case of UGC 09299, the standard aperture was defined by
NUYV observations; in the case of UGC 06780, the standard aperture was defined by g-band
observations.

However, for 160 um sources with SNR>1 (with the new apertures), the
improvements are much more marked; the median change in flux is by a similarly
insignificant factor of 1.002, but the median SNR increases from 7.3 to 9.2, whilst
the number of sources with SNR > 1 increases from 30 to 36.

By employing different apertures in the PACS bands, the uncertainty in the
flux is drastically reduced, and the number of detections increased — but with es-
sentially no change in the measured fluxes. Apart from using a different band to
define the apertures, PACS photometry otherwise proceeds in the same manner as
described in this chapter.

4.2.2 APERTURE PHOTOMETRY

The fluxes of the HAPLESS galaxies, as given in Table 4.6, were measured
by means of the method described here.

1 An elliptical source aperture, with the semi-major axis, position angle, and
axial ratio determined by the method described in Section 4.2.1, and centred
on the optical position of the source, is placed upon the 2000” x 2000” cutout
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of whichever band is in question (with bright foregound stars already re-
moved as per Section 4.2.1, Step 3). To correct for the size of the beam, the
semi-major and -minor axes of the aperture are each added in quadrature to
half the beam width in the current band.

The sum of the flux contained within the source aperture is calculated. Given
the large pixel sizes in the SPIRE bands, each individual pixel is divided into
a 10 x 10 grid of 100 sub-pixels (in a manner which preserves the integrated
flux of the pixel); whenever the border of the source aperture ellipse passes
through a pixel, the flux from the sub-pixels which lie inside the aperture is
counted.

To serve as a background aperture, an elliptical annulus is placed around
the source aperture, likewise centred upon the optical position of the source,
and with the same position angle and axial ratio as the ellipse of the source
aperture. For FUV-MIR bands, the annulus has inner and outer semi-major
axes that are 1.25 and 1.5 times that of the source aperture. This is illustrated
in Pane 6 of Figure 4.2. However for the Herschel bands, the inner and outer
semi-major axes of the annulus are 1.5 and 2.5 times that of the source aper-
ture.

a  For the FUV-MIR bands, the smaller 1.25-1.5 background annulus was
employed due to the manner in which GAMA mosaicked the maps to-
gether from individual observations, resulting in a variation in coverage
levels across the fields. The coverage level of a given region of these
maps has a strong effect upon its average sky flux. Therefore keeping
the background annulus close to the source aperture ensures that the
sky being sampled is representative of the sky the target source is sat

upon.

b  For the Herschel bands, there is no variation in sky flux due to differ-

ent coverage levels; although there are regions of the H-ATLAS GAMA
fields that have double coverage due to the observing strategy, the av-
erage sky flux is not affected. This makes the larger 1.5-2.5 background
annulus preferable. Placing the inner edge of the background annulus
further from the source aperture ensures that the annulus does not inad-
vertently sample actual source flux, arising from the large Herschel beam

size. Moreover, the larger pixel size in the Herschel bands means that
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a larger background annulus is necessary simply to be confident of in-
cluding a large enough number of pixels to get a reliable sampling of the
local background.

¢ In addition to the standard reduction, the H-ATLAS consortium also
produced background-subtracted versions of the SPIRE maps. These
were produced to aid in point-source photometry, removing the need
for local background subtraction of the kind performed here. In Sec-
tion 4.4, I describe tests which show that for extended sources such as
the HAPLESS galaxies, it is still necessary to perform additional back-
ground subtraction when using the background-subtracted maps.

4  To estimate the local background, CAAPR finds the iteratively sigma-clipped
mean (see Section 4.2.1, Step 4) of the pixel values contained within the sky
annulus.

a A number of methods of estimating the average sky value within the
background annulus were compared; the regular mean, the regular,
median, the iteratively-sigma-clipped mean, and the iteratively-sigma-
clipped median. The regular mean and median were found to be highly
unstable; in many cases one or both would radically disagree with the
values given by other estimates. However the iteratively-sigma-clipped
median and mean are both reasonably stable; the latter slightly more so
than the former, hence this is the method used by CAAPR.

b  In Section 4.6, I use the difference in calculated source flux arising from
using the sigma-clipped median as opposed to the sigma-clipped mean
to quantify the limit of CAAPR’s ability to accurately estimate the back-
ground.

5 The calculated average local background value is then subtracted from the
flux measured in the source aperture, pro rata to the number of pixels
present.

6  The photometry in the GALEX, SDSS, and VIKING bands was corrected for
galactic extinction in line with the GAMA method described in Hill et al.
(2011), which is performed relative to SDSS measurements of r-band extinc-
tion (Stoughton et al., 2002), calibrated using the Schlegel et al. (1998) dust
maps created using IRAS data.
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7  The photometry in the PACS and SPIRE bands had aperture corrections ap-
plied, to account for flux lost due to the size of the Herschel beam. The nec-
essary corrections in the SPIRE bands were computed using the SPIRE Point
Spread Function (PSF) model of Griffin et al. (2013), whilst the PACS correc-

tions were taken from the PACS instrument and calibration wiki®.

4.2.2.1 IRASSCANPI PHOTOMETRY

Whilst the datasets available for HAPLESS span a very wide range of wave-
lengths, there is nonetheless a sizeable gap in the wavelength coverage between
the WISE 22 ym and PACS 100 pm bands. To constrain the emission in this regime,
I used 60 pm data from IRAS (InfraRed Astronomical Satellite, Neugebauer et al.,
1984). However, performing photometry with IRAS observations is notoriously
difficult, not least due to its extremely poor resolution — 2.5'at 60 pm.

Therefore to acquire IRAS 60 uym photometry of the HAPLESS galaxies I
used the Scan Processing and Integration Tool (SCANPI®), following the proce-
dure laid out by Sanders et al. (2003). The SCANPI tool is unable to process non-
detections where the estimated background is greater than the measured flux; in
those cases I recorded a flux of 0, with an uncertainty equal to the IRAS 60 ym 1¢
sensitivity limit of 56 mJy (Riaz et al., 2006).

4.2.2.2 PHOTOMETRY OF NGC 5738

NGC 5738 (HAPLESS 22) presents an exceptional case for photometry. NGC
5738 is an edge-on dwarf lenticular galaxy, and whilst a ~ 1’ stellar disc is visible in
the optical and NIR, its emission in the UV and in the Herschel bands is limited to
a point-source at the centre of the optical disk. Because of the extremely different
emission scales at different wavelengths, the resulting FIR and submm photom-
etry is very poor when using CAAPR to define the appropriate aperture (which
automatically fits to the optical disk). Consequently, fitting the SED of this source
(Chapter 5) using the fluxes returned by CAAPR fails (x> of 11.97). Therefore in
this one case, I opt to make use of the Herschel point-source photometry. NGC
5738 is unlike any of the other HAPLESS galaxies; whilst many of the sources in
my sample are compact, and present point-sources in the the Herschel (and UV)
bands, they are usually compact across the spectrum. NGC 5738 is the only galaxy

5 http://herschel.esac.esa.int/twiki/bin/view/Public/PacsCalibrationWeb#
Photometer_calibration_in_scan_m

6 Provided by the NASA/IPAC Infrared Science Archive: http://irsa.ipac.caltech.edu/
applications/Scanpi/
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to present a point-source in the UV and Herschel bands, but have its photometric
aperture defined by a far more extended optical and NIR stellar disk.

4.2.3 UNCERTAINTY ESTIMATION

The uncertainty in the measured fluxes of the HAPLESS galaxies, as given
in Table 4.6, were estimated as follows.

1  The aperture noise for each source is estimated. Section 4.5 details why such
a convoluted process was adopted for estimating the aperture noise. It tran-
spires that more straightforward (and widely-used) methods for estimating
the aperture noise are often highly unstable — there is potentially a great deal
of noise upon the noise.

a  The median and standard deviation of the pixel values in the cutout in
question are calculated, and the corresponding upper and lower 3 ¢ lim-
its are determined; pixels which have values outside these 3 ¢ are iden-
tified, and are deemed to be rejected pixels.

b  Random apertures are placed across the cutout. The apertures are circu-
lar, with the same area as the source aperture used for the actual photom-
etry of the current target object. Each random aperture is background-
subtracted using its own background aperture, in the same manner as
for the source aperture (detailed in Section 4.2.2). The location at which
each random aperture is placed upon the cutout is randomly generated,
with the exception that both it, and its corresponding background annu-
lus, must lie wholly within the cutout, and must not intersect with the

source aperture of the target object.

¢ Pixels within each random aperture are inspected. Every rejected pixel,
as identified in Step 1.a, is removed. If more than 20% of the pixels in an
aperture are removed, then the whole aperture is rejected entirely, and is
no longer considered. If an aperture is accepted, the values of the non-
rejected pixels it contains are summed; this summed total is then scaled
up to account for that aperture’s removed pixels. In essence, the rejected
pixels within an aperture have their individual values each replaced by
the mean of the values of that aperture’s non-rejected pixels. For ex-
ample, if the sum measured (excluding rejected pixels) within such an
aperture were 3.5, but only 85% of its pixels had been accepted, then the
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TABLE 4.3 The uncertainty contributions, as a fraction of measured flux, arising from the
various sources of uncertainty discussed in this chapter, along with the total uncertainty
(from summing those contributions in quadrature). The Calibration column gives the cal-
ibration uncertainty in that band. The Aperture Size column gives the uncertainty due to
the variation in aperture size, as detailed in Section 4.6. The Sky Estimation column gives
the uncertainty arising from the limitations on how accurately the background flux can be

estimated, as described in Section 4.6.

Band Uncertainty (%)
Calibration =~ Aperture Size Sky Estimation Total
FUV 4.5° 1.8 1.9 5.2
NUV 2.7° 1.4 0.6 3.1
u 1.3? 7.8 3.3 8.7
g 0.8 4.0 0.7 4.2
r 0.8 45 0.6 4.7
i 0.7 5.6 0.9 5.8
Z 2.7¢ 5.9 0.7 6.5
Y 2.7° 6.3 0.7 6.9
Ji 2.7° 6.8 2.0 7.6
H 2.7° 6.1 1.2 6.8
Ks 2.7° 4.8 2.0 5.8
3.4um 2.94 49 15 5.9
4.6 pm 3.44 6.7 2.1 7.8
12 pm 4.67 9.6 1.8 10.8
22 um 5.6% 14.2 4.4 15.9
100 pm 12.0° 8.8 2.3 15.1
160 pm 12.0° 9.3 1.4 15.2
250 pm 7.0f 2.9 0.2 7.6
350 pm 7.0f 5.2 0.3 8.7
500 pm 7.0f 5.2 0.5 8.8

ESPRESTS

From Morrissey et al. (2007).

From the SDSS DR10 Data Release Supplement: https://www.sdss3.org/dr10/scope.php
From Edge & Sutherland (2013).
From the WISE All-Sky Release Explanatory Supplement: http://wise2.ipac.caltech.

edu/docs/release/allsky/expsup/secd_4h.html

bin/view/Public/PacsCalibrationWeb

f From the SPIRE instrument and calibration wiki: http://herschel.esac.esa.int/twiki/

bin/view/Public/SpireCalibrationWeb

From the PACS insturment and calibration wiki: http://herschel.esac.esa.int/twiki/
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tinal sum would be scaled up to 3.5/0.85 = 4.12. This process is repeated
until 100 random apertures have been accepted.

d  The standard deviation is taken of the (appropriately scaled) summed
totals returned from the 100 accepted random apertures. This standard
deviation is taken as the estimate of the aperture noise of the associated
source flux. This process fully incorporates the contribution of confusion
noise in the SPIRE bands (as confusion noise is the origin of some of the

variation between the flux measured in the random apertures).

2 Each band also has a corresponding calibration uncertainty, typically ex-
pressed as a fraction of the observed flux; the calibration uncertainty for each
band is listed in Table 4.3.

3  The uncertainty values of CAAPR’s flux measurements need to be represen-
tative not only of the aperture noise and photometric uncertainty, but also
of the limits to our ability to truly measure the flux of a galaxy. The tests I
performed the quantify this are given in Section 4.6

4  The uncertainties from Steps 2 and 3 are added in quadrature to produce the
base uncertainty for that band. This is in turn added in quadrature to the
aperture noise estimate calculated Step 1.d to yield the final uncertainty for
given source in a particular band.

4.3 COMPARISON OF CAAPR AND GAMA PHOTOME-
TRY

Figure 4.5 compares the photometry produced by the GAMA pipeline (from
Hill et al., 2011, and provided for each source in the H-ATLAS Phase-1 Version-3
catalogue), and by CAAPR, for the HAPLESS galaxies in the FUV and r-band. This
demonstrates that CAAPR finds a large fraction of the HAPLESS sources to be sig-
nificantly brighter than indicated by the GAMA pipeline. Note that the curious
very blue HAPLESS galaxies, identified in Section 3.1.1, are particularly suscepti-
ble to having their fluxes underestimated by GAMA. As discussed in Section 4.1,
these sources tend to have flocculent and/or irregular morphologies, which prove
especially problematic for photometric pipelines designed for sources with small
angular sizes and smooth profiles.

Approximately half the HAPLESS galaxies are measured as being signifi-
cantly brighter with CAAPR. Across the sample, the recorded flux increases by an
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FIGURE 4.5 Comparison of photometry of the HAPLESS galaxies provided by the
GAMA pipeline of Hill et al. (2011), to the photometry produced by CAAPR, in the FUV
(left) and r-band (right). Note the large fraction of galaxies for which CAAPR returns sig-
nificantly brighter magnitudes; this is particularly prone to happening in the case of the
very blue HAPLESS galaxies. Whether a point is blue or cyan denotes the FUV-Kg colour
of the source, as separated by the FUV-Ks=3.5 criterion, with hollow circles indicating
galaxies not in the luminosity-limited sub-sample.

average factor of 1.4 in the FUV, and 2.6 in r-band. For the very blue HAPLESS
galaxies in particular, the increases in FUV and r-band are 2.1 and 2.9 respectively.
This clearly demonstrates that not only did GAMA dramatically underestimate
the flux of a large fraction of the HAPLESS sample, but that this effect was biased
towards a particular subset. Moreover, the degree of underestimation varies no-
ticeably between bands. Employing the GAMA photometry would have resulted
in systematic errors throughout.

4.4 TESTING THE USE OF BACKGROUND-SUBTRACTED
SPIRE MAPS

Aperture photometry generally entails placing a source aperture around the
target object to measure its flux, then placing a sky aperture around a nearby re-
gion of the map (often an annulus around the source aperture) to measure and
subtract the background contribution. When doing this, we are including the noise
from both the source aperture and the sky aperture. Aperture noise increases with
v/Npix- Not requiring a sky aperture would reduce N, leading to a significant
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reduction in the uncertainty on the flux.

To this end, background-subtracted H-ATLAS SPIRE maps were created by
Matt Smith. These maps were processed to remove the contribution of emission
over scales larger than 30 pixels (3’, 4, and 6" at 250, 350, and 500 pm respectively),
such as instrumental noise, cirrus, or large-scale background clustering. Then the
pixel values were scaled such that a pixel at the peak of the pixel value distribution
is set to zero. The result of this should be that the sum of the contents of an aper-
ture placed over a source in these maps should give the flux of just that source,
since any background contribution would already have been removed. The soft-
ware used to achieve this was Nebuliser, produced by the Cambridge Astronomy
Survey Unit’.

For the purposes of clarity, from here onwards the background-subtracted
maps are referred to as the nebulised maps.

For the HAPLESS galaxies, the reduction in aperture noise when using the
nebulised maps, compared to the raw maps, is by a median factor of 2 (although
once calibration errors are accounted for, the total reduction in uncertainty is only
by a median factor of 1.4). However, the nebulised maps were created with point-
source photometry in mind; it was not immediately clear whether they would also
remove the need to carry out further local sky subtraction when performing aper-
ture photometry. But even with further local sky subtraction (ie, using a sky annu-
lus), there is still an average reduction in aperture noise of 2% when the nebulised
maps are used.

Therefore, there are two issues that need addressing. Firstly, what is the
correct way of performing aperture photometry with the nebulised maps — do they
truly remove the need to carry out further local sky subtraction? This is answered
in Section 4.4.1.

Secondly, how does the photometry produced using the nebulised maps
compare to that from the raw maps? We are unable to assume a priori that the
raw maps are more accurate than the nebulised ones (therefore, it is not possible
to establish whether or not further background subtraction is necessary with the
nebulised maps by simply comparing their fluxes to those from the raw maps).
However, once it has been determined what is the correct way to perform pho-
tometry with the nebulised maps, the resulting fluxes can then be compared to
those from the raw maps, to establish if there are any systematic differences. This
is done in Section 4.4.2.

There was also an additional concern we wished to examine — whether or

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


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

116 CHAPTER 4. CAAPR: PHOTOMETRY FOR THE HAPLESS SAMPLE

not distant background sources in the maps significantly affect the photometry.
High-redshift sources are brighter at the longer SPIRE wavelengths. This is due to
negative k-correction; although sources become fainter at greater distance, redshift
causes increasingly bright parts of the rest-wavelength dust emission spectrum to
be sampled by the SPIRE passbands. An aperture devoid of background sources
at 250 um might be dominated by them at 500 pm (despite the fact that 250 um is
the more sensitive band), potentially making extended-source photometry increas-
ingly unreliable at longer wavelengths due to interloping red sources. Usefully,
the various tests performed upon the nebulised maps in this section also provide
a way to gauge the effect of these red sources. This is addressed in Section 4.4.1.4.

4.4.1 TESTING THE EFFECTS OF FURTHER SKY SUBTRACTION

Ultimately, when measuring the brightness of a source, we are interested
in the amount of light we detect from it that is in excess of the local background.
Thus generally speaking, it should always be ‘correct’, when performing aperture
photometry, to perform a local sky subtraction — even on nebulised maps. Obvi-
ously, performing further sky subtraction drastically limits the reduction in aper-
ture noise that is the main motivation for attempting to use the nebulised maps.

To test the effect of performing local sky subtraction on sources in the neb-
ulised maps, and to test whether background sources (both resolved and unre-
solved) impact the photometry, I ran the SPIRE data of the HAPLESS sources
though CAAPR three times; performing the photometry differently each run:

1. A source aperture was placed upon the target source, without any further
sky subtraction.

2. A source aperture was placed upon the target source, then a sky annulus was
placed around the source aperture (with annular inner and outer semi-major
and -minor axes of 1.5 and 2.5 those of the source aperture) to estimate and
subtract the background flux.

3. A source aperture was placed upon the target source, then 100 random sky
apertures were placed across the photometry cutout to estimate and subtract
the background flux (similar to the random apertures used by CAAPR to
estimate the aperture noise).

For later comparison, I also ran the raw SPIRE maps through CAAPR twice;
once with further subtraction using annuli, and once with further subtraction us-

ing sky apertures.
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I adopt the following nomenclature for referring to fluxes measured via dif-
ferent methods of sky subtraction. Subscripts indicate what kind of further sky
subtraction, if any, was carried out: 4, for sky annuli, ;s for sky apertures, and
sans for cases without further sky subtraction. Superscripts convey what type of
map the photometry was performed upon: (R for raw maps, and (V) for nebulised
(ie, background-subtracted) maps. So for example, 552’2 would denote flux mea-
sured from the nebulised map, with further sky subtraction conducted using sky

apertures.

4.4.1.1 ADDITIONAL SKY SUBTRACTION WITH SKY ANNULI

Figure 4.6 shows, for all three SPIRE bands, the absolute offset in janskys
between the source fluxes obtained with and without additional annular sky sub-
traction, plotted against source flux. Or put algebraically:

X-axis: Sgi\,?s y-axis: S‘(ZI,:Q — ng),?s 4.1)

The uncertainty in the offsets was found by adding in quadrature the aper-
ture noise for both SL(II,;Q and sﬁﬁfﬁs Across all three bands there appears to be a
systematic bias: fainter source fluxes tend to be measured when additional sky
subtraction is employed with the nebulised maps. The size of this offset seems to
become greater for brighter source flux. For some of the brightest sources at 250
and 350 pm, the offset is greater than the uncertainty in their flux. Overall, 37 of
the 39 sources in the 250 pm plot were measured to be fainter when further sky
subtraction was performed; at 350 pm the number is 35, and at 500 um the number
is 23.

Figure 4.7 shows the offset as a fraction of source flux, plotted against source

flux. Or put symbolically:

(N) _ c(N)
X-axis: SS(ZI\QS y-axis: M. 4.2)
g(N)
sans

This is essentially the same as plotting the ratio between the flux obtained
with sky subtraction using sky annuli and the flux obtained without further sky
subtraction (but in more straightforward units). These plots show a trend where
further sky subtraction tends to cause a large relative reduction in the measured
source flux of fainter sources, albeit well within their uncertainties. Whilst the

brightest sources have offsets that are larger than their uncertainties, these offsets
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FIGURE 4.6 Source flux versus offset due to sky annuli, as described in Equation 4.1, for
the HAPLESS sources in all three SPIRE bands. Full-colour data points are > 5 ¢ detections,
whilst faint data points are not.
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FIGURE 4.7 Source flux versus offset due to sky annuli as a fraction of source flux, as

described in Equation 4.2, for the HAPLESS sources in all three SPIRE bands. Full-colour
data points are >5 ¢ detections, whilst faint data points are not.
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are only a very small fraction of the source flux. The mean offset as a fraction of the
source flux for >5 ¢ detections is -2.5%, -2.5 %, and -1.4%; at 250, 350, and 500 ym
respectively.

In the case of the 7 sources 250 pm which have offsets larger than their un-
certainties, the mean offset is on average -1.9% of their total source flux. The reason
why the offset is significant in the case of these galaxies is not because of how large
the offset is, but instead due to how small their fluxes” uncertainties are (relative to
the actual flux). For example, the brightest source at 250 pm has aperture noise of
80m]y, but a flux of 35]y. The variation in the flux contained in randomly-placed
apertures, even large randomly-placed apertures, is inevitably going to be small
relative to a flux of 35]y. As sources this bright have such small uncertainties pro-
portional to their flux, it is possible for a relatively small offset to nonetheless be

significant.

4.4.1.2 ADDITIONAL SKY SUBTRACTION WITH SKY APERTURES

As a further check I repeated the analysis above, but employing 100 ran-
dom sky apertures (used to estimate the aperture noise) to perform the additional
background subtraction, instead of the annuli. In practice, CAAPR requires that
sky annuli be used for background subtraction, in order to take account of map
features in the region of the target source, such as cirrus, variation in coverage
depth, or the highly clustered confused background (Maddox et al., 2010). How-
ever for the purposes of the current analysis, using a large number of sky apertures
for background subtraction will negate the sensitivity of these tests to the localised
quirks of contents of the sky annuli (such as bright background sources, etc), mak-
ing it easier to identify systematic effects.

Figure 4.8 is the same as Figure 4.6, but instead using sky apertures for the
additional background subtraction, ie:

X-axis: Ss(é\ll)s y-axis: Sg,],;]s) — SS(ZZ\QS (4.3)

The same trend is apparent, this time with less scatter: source fluxes are
consistently returned as fainter when performing additional sky subtraction, com-
pared to source-aperture-only measurements on the nebulised maps. At 250 and
350 um, this is the case for every source; at 500 pm, it’s the case for all but 4. This
offset increases with source flux, and is larger than the uncertainty for the brightest
sources.

Likewise, Figure 4.9 is a repeat of Figure 4.7 (but using sky apertures instead
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of sky annuli) showing the offset as a fraction of source flux, as given by:

(N) Sipd — Stavk
X-axis: Sguys y-axis: ’?ST 4.4)

sans

The mean offset as a fraction of the source flux for >5 o detections is -3.9%,
-3.7%, and -1.5%; at 250, 350, and 500 pm respectively — all larger than was the case
when using sky annuli. In the cases where the difference in source flux measured
between the two methods is larger than the uncertainty, the actual offset represents
< 2% of the total source flux. The standard SPIRE calibration uncertainty is 7%.
For comparison, the number of > 5 o-detected sources for which the offset is greater
than this 7% limit is 4, 4, and 2; at 250, 350, and 500 pm respectively.

4.4.1.3 ORIGIN OF THE OFFSET CAUSED BY ADDITIONAL SKY SUBTRACTION

A consistent decrease in flux measured from nebulised maps is observed
when further local sky subtraction is carried out. This means that the sky level
being subtracted consistently contains a positive amount of flux. In creating the
background-subtracted maps, Nebuliser essentially attempts to filter out the
large-scale background. However, when performing photometry upon the nearby
HAPLESS galaxies, the necessary apertures are large enough that they also include
a ‘background’ of more distant galaxies, both detected and undetected. Nebuliser
cannot remove the flux of smaller features such as these, so they could be the origin
of the flux causing the offset.

The H-ATLAS Phase-1 Version-3 catalogue contains 109,231 at >5 ¢ across
the equatorial fields, and these fields have a combined area of 161.6deg?. That
corresponds to one source per 5.3 arcmin? of sky. Compare this to the mean source
aperture size for the HAPLESS sources of 8.9 arcmin? at 250 pm (and the mean
sky annulus size of 35.6 arcmin?). We should therefore clearly expect to find these
detected background sources in most of the HAPLESS photometric apertures.

Moreover, Figures 4.6 and 4.8 demonstrate that the flux offsets due to fur-
ther sky subtraction are greatest for the brightest sources. The brightest sources
also tend to be the largest in angular size, with correspondingly large apertures,
therefore making them exactly the sources which we would expect to be the most
affected by detected background sources falling into the apertures.

These detected background sources are therefore plausible candidates to
be the origin on the positive flux being removed by further sky subtraction. To
examine this, Figure 4.10 shows the offset due to sky subtraction, per arcmin? of
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FIGURE 4.10 Source aperture area versus offset per area of sky aperture, as described in
Equation 4.5, for the HAPLESS sources in all three SPIRE bands. Full-colour data points
are >5 ¢ detections, whilst faint data points are not.

sky aperture. Using A,ps to represent sky aperture area, this is given explicitly by:

(N) . aps —

X-axis: Sguys y-axis: (4.5)

This shows a near-constant flux offset due to further sky subtraction in each
band, per unit area of aperture. The offset per aperture area does seem to decrease
in the case of some of the smaller sources. The offset per aperture area also de-
creases at increasing wavelength. The median offset due to further sky subtraction
is (—5.01 & 1.47), (—2.86 & 1.38), and (—0.81 £ 0.78) mJy arcmin 2 at 250, 350,
and 500 pm respectively (with standard deviations as errors). The fact that these
values are roughly constant per unit aperture area indicates that the offsets are due
to a near constant level of positive flux being present across the nebulised maps,
which further sky subtraction is removing from the measured source fluxes. This is
what is giving rise to the difference between the fluxes measured with and without

further sky subtraction on the nebulised maps in Section 4.4.1.

To test whether this is what would be expected due to the detected back-
ground sources in the maps, we can compare these values to the average levels of
flux that would be due to sources found in the H-ATLAS catalogues, and to the
total flux present in the nebulised maps themselves.
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The 109,231 50 sources of the H-ATLAS Phase-1 Version-3 catalogue rep-
resent a combined 250 pm flux of (5,737 % 758) Jy (uncertainty derived from lin-
early summing the uncertainties of all sources), across 161.6 deg? of sky. This cor-
responds to a mean flux level across the maps of (9.86 & 1.31 mJy arcmin) 2, in-
compatible with the (5.01 4+ 1.47) mJy arcmin 2 level of sky flux that leads to the
offset observed when performing further sky subtraction.

The H-ATLAS consortium has also produced provisional matched-filter
source catalogues, which contain many more sources, 172,926 at >5c¢. With their
combined flux of (6,399 + 850)y at 250 um, the resulting mean map surface
brightness level due to these sources would be (11.00 4 1.46) mJy arcmin 2. If
the threshold for inclusion is reduced to > 3¢ sources (of which there are 452,040
with a total flux of (11,442 + 2,250) Jy), the mean surface brightness due to sources
at 250 um would increase to (19.67 4 3.81) mJy arcmin 2. In both cases, the value
is far in excess of the sky flux level giving rise to the observed offset. Counter-
intuitively, the offset caused by performing further sky subtraction on the nebu-
lised maps is significantly less than the offset that the detected background sources
in the maps would be expected to cause.

Setting the nebulised maps to be zero mean when performing photometry
without further sky subtraction would not account for the observed offsets. The
total flux contained in the nebulised maps (found by simply summing the flux
contained in all map pixels) is 5,004, 2,730, and 842 ]y, at 250, 350, and 500 pm
respectively. This corresponds to a mean flux level of (8.6 + 0.8), (4.7 + 0.4), and
(1.5 4+ 0.4) mJyarcmin~2 at each band (uncertainties from maximum variation in
mean pixel level between maps), which are greater than, and incompatible with,
the sky flux levels that correspond to the offset observed in the photometry.

Table 4.4 summarises the sky flux levels that would be predicted due to
the causes detailed above, and the level actually measured as giving rise to the

photometry offset in the nebulised maps.

4.4.1.4 RED SPIRE INTERLOPERS

As previously mentioned, there is a concern that due to the negative k-
correction in SPIRE bands, red submm sources not in the 250 pm maps, but present
at longer wavelengths, could interfere with the photometry; particularly at 500 pm.
However Figures 4.6 to 4.10 demonstrate clearly that the offsets in flux due to fur-
ther sky subtraction always become less significant at longer wavelengths.

Figure 4.10 in particular allows us to gauge the effects of background
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TABLE 4.4 The levels of flux per unit area of sky observed in an offset in each SPIRE band
when performing further sky subtraction upon the nebulised maps, along with the flux
levels that would be expected for different potential origins. As the H-ATLAS catalogues
are 250 pm-selected, no catalogue estimates are provided for them at 350 and 500 um, as
these would not be representative.

Origin of Offset Values Sky Flux Level (mJy arcmin~2)
250 pm 350 pm 500 pm
Measured by CAAPR 5015 29+£14 08+038

Phase-1 Version-3 catalogue prediction 9.9 + 1.3 - -
Matched-filter 50 catalogue prediction 11.0 £ 1.5 - -
Matched-filter 3¢ catalogue prediction 19.7 & 3.8 - -
Map mean level prediction 86 +08 47+04 15+04

sources upon the photometry. If red interlopers are present in the 500 um SPIRE
maps, we can expect them to contribute some extra amount of flux per map area.
Were they significantly influencing the photometry, we would expect to see a no-
ticeable negative offset per area in the 500 um pane of Figure 4.10. However this
plot in fact shows the lowest level of offset per area of all the SPIRE wavelengths.
Indeed, from this plot it is not clear that there is any systematic flux offset at all at
500 um. In light of this, we can safely conclude that if interloping sources do have

an effect upon the photometry; it is insignificant across the HAPLESS sample.

4.4.2 COMPARING FLUXES OBTAINED FROM BACKGROUND SUB-
TRACTED AND RAW MAPS

Another way of assessing the nebulised maps is by simply comparing the
fluxes measured using them to the fluxes measured using the raw maps. Ideally,
if the fluxes obtained from the nebulised maps are correct, they should not differ
systematically from those obtained from the raw maps using the necessary further
background subtraction.

Figure 4.11 shows the offset between the the fluxes from nebulised maps
(with no further sky subtraction), and the fluxes measured using the raw maps
(with standard local sky subtraction using sky annuli), which stated algebraically
is:

X-axis: 55(157)1 y-axis: Ss(é\,]q)s — Sfﬂ,f,l (4.6)
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FIGURE 4.11 Source flux versus the offset between fluxes measured from raw maps and
fluxes measured from nebulised maps without further sky-subtraction, as described in

Equation 4.6, for the HAPLESS sources in all three SPIRE bands. Full-colour data points
are >5 ¢ detections, whilst faint data points are not.
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FIGURE 4.12 Source flux versus the offset as a fraction of source flux between fluxes
measured from raw maps and fluxes measured from nebulised maps without further sky-

subtraction, as described in Equation 4.7, for the HAPLESS sources in all three SPIRE
bands. Full-colour data points are >5 ¢ detections, whilst faint data points are not.
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The uncertainty in the offsets was found by adding in quadrature the aper-
ture noise of each. There does not appear to be any systematic trend between offset
and source flux, although there is a lot of scatter. The number of >5 ¢ sources for
which the offset is greater than the uncertainty is 10, 9, and 4; at 250, 350, and
500 pm respectively.

Figure 4.12 shows the offset in Figure 4.11 as a fraction of the flux obtained
from the raw maps, as given by:

(N) _ ¢(R)
X-axis: 50(157)1 y-axis: W. 4.7)

ann

This shows that brighter sources are more to likely suffer from an offset
greater than their uncertainty. The median offset as a fraction of the source flux
for >50 sources is 1.0%, 4.2%, and 5.5%; and the number of sources offset by
more than their uncertainty is 10, 9, and 4; at 250, 350, and 500 um respectively.
Whilst this suggests that sources fluxes measured for the HAPLESS galaxies with
the nebulised maps tend to be lower than those from the raw maps, there is again
no obvious trend of this depending upon source brightness.

Figure 4.13 is a repeat of Figure 4.11, except that the photometry obtained
from the nebulised maps now use further local annular sky subtraction, as de-
scribed by:

(R) (N) S(R)

X-axis: Sgun y-axis: Spnn — Sann (4.8)

Likewise, Figure 4.14 is a repeat of Figure 4.12 but with the annular sky-
subtracted fluxes from the nebulised maps, as stated by:

(N) _ (R)
X-axis: sff;)l y-axis: % (4.9)

ann

The median offset as a fraction of the source flux for > 5 ¢ detections is 0.2%,
-2.2%, and -3.1%; at 250, 350, and 500 pm respectively — smaller than for Figure 4.12.
However, the number of sources offset by more than their uncertainty is 11, 12, and
7,at 250, 350, and 500 pm respectively — more than was the case in Figure 4.12. This
suggests that the scatter between the fluxes measured from the raw and nebulised
maps is enough to overwhelm any difference in flux due to performing further sky

subtraction on the nebulised maps.
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FIGURE 4.13 Source flux versus the offset between fluxes measured from raw maps and
fluxes measured from nebulised maps with further sky-subtraction using sky annuli, as

described in Equation 4.8, for the HAPLESS sources in all three SPIRE bands. Full-colour
data points are >5 ¢ detections, whilst faint data points are not.
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FIGURE 4.14 Source flux versus the offset as a fraction of source flux between fluxes
measured from raw maps and fluxes measured from nebulised maps with further sky-
subtraction using sky annuli, as described in Equation 4.9, for the HAPLESS sources in all
three SPIRE bands. Full-colour data points are > 5 ¢ detections, whilst faint data points are
not.
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4.4.2 CONCLUSIONS FROM TESTING THE USE OF BACKGROUND-
SUBTRACTED SPIRE MAPS

Ideally, background-subtracted maps produced using Nebuliser should al-
low the flux of a source to be measured without the need for further sky subtrac-
tion with annuli or apertures. As a test of the nebulised maps, photometry of the
HAPLESS sources was performed on these maps by CAAPR, both without further
local sky subtraction, and with sky subtraction performed using sky annuli, and
sky apertures. With further local sky subtraction, the measured fluxes are found
to change at 250, 350, and 500 pm by an average of -2.5%, -2.5 %, and -1.4% when
using sky annuli, and by -3.9%, -3.7%, and -1.5%, when using sky apertures.

The process of creating the nebulised maps does not remove the flux of de-
tected background sources. The sky density of sources detected in the H-ATLAS
Phase-1 Version-3 catalogue is one source per 5.3 arcmin? of sky, compared to the
mean HAPLESS source aperture size of 8.9 arcmin?. Therefore, we would expect
these background sources, and their flux, to be present in the photometric aper-
tures of the HAPLESS source.

The flux offset due to further sky subtraction on the nebulised maps is found
to be roughly constant per unit area of aperture. However the offsets encountered
are incompatible with the offsets that would arise from the maps not being set to
have a zero mean. Nor can the flux of the detected sources in the H-ATLAS source

catalogues explain the flux levels causing the offsets (Section 4.4.1.3).

All of this evidence suggests that it is necessary to perform further sky sub-
traction on the nebulised maps. The confused background of these maps is highly
clustered (Maddox et al., 2010), so this further sky subtraction should employ sky
annuli, in order to properly sample the sky at the particular location of each target
source. Even though this means performing photometry with the nebulised maps
in exactly the same way as with the raw maps, using the nebulised maps provides
a median 2% reduction in aperture noise. This is therefore the method CAAPR
employs for SPIRE photometry. Note that the average systematic offsets caused by
turther sky subtracting the background subtracted maps are smaller than the aver-
age random offsets between the fluxes obtained from the raw and nebulised maps
(Section 4.4.2).

The offset per aperture area is found to be insignificant at 500 pm, which
suggests that red sources (brighter at longer wavelengths due to negative k-
correction) do not noticeably affect photometry (Section 4.4.1.4).
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4.5 TESTING METHODS OF RELIABLY ESTIMATING
APERTURE NOISE

Originally, CAAPR calculated aperture noise by placing 100 apertures at
random positions across the photometry cutout of a given source (excluding the
location of the target source itself). Each aperture was circular, with the same area
as the target source aperture. The flux in each random aperture was summed,
and background subtracted in the same manner as the target source aperture had
been (to reflect the additional noise introduced by carrying out sky subtraction).
The resulting 100 summed values were then sigma-clipped, and the final clipped
standard deviation was taken to represent the aperture noise.

However, upon repeating this same process multiple times for any given
source, it was noticed that significantly different values for the aperture noise
would be returned each time. This is due to the use of randomly positioned aper-
tures. Depending upon whether the random apertures were placed on bright back-
ground sources, or unusually empty patches of sky, a different estimate of the aper-
ture noise would be calculated each time. In the cases of some bands, particularly
the WISE 3.4 and 3.6 um bands, the aperture noise values returned could vary by
a factor of several. Therefore the aperture noise estimates generated by any indi-
vidual run were not reliable, which was not acceptable.

Steve Maddox devised an improved method of estimating aperture noise,
described in Steps 1.a-1.d of Section 4.2.3, designed to curtail the potential for

severe variation in the returned aperture noise values.

4.5.1 COMPARISON OF OLD AND NEW APERTURE NOISE ESTIMA-
TIONS

To characterise the behaviour of this new technique, and establish whether
or not this new approach succeeds in limiting the variation in noise values, I ran
CAAPR 20 times for all of the HAPLESS galaxies; 10 times using the original aper-
ture noise estimation method, then 10 times using the new technique. Each run
was performed for the GALEX NUV, WISE 3.4 um, and SPIRE 250 pm bands; these
bands provide a good range of noise environments, whilst also being quick to run.

With the runs completed, each of the sources had 10 aperture noise val-
ues calculated with the old method, and 10 with the new. The upper left pane of
Figure 4.15 shows all of the old and new aperture noise values returned for each
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FIGURE 4.15 Upper Left: Plot comparing all of the aperture noise values returned for each
of the HAPLESS sources in the GALEX NUV, WISE 3.4 ym, and SPIRE 250 um bands, using
the old and new methods. Upper Right: Plot comparing the medians of the aperture noise
values returned for each source. Lower: Plot comparing the standard deviation of the 10
aperture noise values returned for each source with the old and new methods, showing
the marked increase in stability with the new approach.
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TABLE 4.5 The median standard deviations, Tapr of the aperture noise values, Tap, for the
HAPLESS sources, using the old and new aperture noise estimation techniques.

Band Old Median 0y,, New Median oy,
NUV (mag) 0.0027 0.0012
3.4 pym (mag) 0.0145 0.0027
250 pm (Jy) 0.0058 0.0027

source. The horizontal ‘strata” visible in the scatter, particularly for the 3.4 ym val-
ues, show the wide range of aperture noise values produced by the old method.
The range of values generated by the new technique is noticeably reduced in all

three bands, indicating that it is much more stable.

The upper right pane of Figure 4.15 compares the medians of the noise val-
ues returned for each source, between the two methods. As would be expected,
the WISE 3.4 um values exhibit the largest difference; on average, the new aper-
ture noise is 68% of the old value. Unexpectedly, the NUV and 250 pm values show,
on average, an increase in their noise values returned with the new technique. In
the NUV case this increase is small (median increase of 9%), the scatter of which in
Figure 4.15 encompasses the 1:1 relationship. However, the median increase in the
new average noise values at 250 um is 18%; this is most pronounced for sources
with smaller noise values. The potential origins of this increase are addressed in
Section 4.5.2.

To quantify how successful the new technique is at reducing the range of
noise values returned, the standard deviation was taken of the old and new sets of
noise estimates for each HAPLESS source. These are plotted against one another
in the lower pane of Figure 4.15. This clearly demonstrates a large reduction in the
variation in noise values returned using the new method. The standard deviation
is lower in all but five cases at NUV, and one at 250 pm. The median standard de-
viations in all three bands for both the old and new methods are given in Table 4.5.

The WISE 3.4pum band, previously the worst offender, has shown a dra-
matic reduction in median standard deviation, 5.0 times smaller than it was with
the old method. Sizeable reductions are also seen in NUV and 250 pm, which now
exhibit median standard deviations 2.3 and 2.0 times smaller then what they were
previously. The average standard deviation reduction is by a factor of 2.7, across
all bands. It seems that the new technique has succeeded in the providing much
more stable estimates of the aperture noise.
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4.5.2 INCREASES IN APERTURE NOISE ESTIMATES WHEN USING
THE NEW TECHNIQUE

As can be seen in Figure 4.15, estimates of the aperture noise using the new
technique are found to slightly increase compared to the old for NUV (average 9%),
and more noticeably for 250 um (average 18%). Naively, one would expect the new
method to result in consistently lower noise estimates, as it is designed to curtail
the influence of outlier pixels; which, in most cases, will be bright background
sources such as stars and galaxies.

The increase in the noise in the NUV band is within its own scatter, and
seems negligible. However at 250 pm, there is an interplay between the effects of
confusion, and effects of the differing clipping methods employed by the old and
new techniques.

For most bands, observations consist of ‘empty” sky, punctuated by sources.
When randomly placing noise apertures across such a map, the variation in the
flux contained within each such aperture simply reflects how much flux is present
due to sources on top of the background. The old technique would sigma-clip
these 100 values, removing the outliers: it would exclude those apertures which
contained an above- or below-average amount of flux from these resolved back-
ground sources. However, H-ATLAS 250 um observations approach the confusion
limit. There is no such thing as ‘empty” sky. Some patches of sky will contain
more flux from confused sources, some less. Moreover, this confused background
is highly clustered (Maddox et al., 2010), and so varies considerably depending
upon location.

The result of this is that random apertures placed upon the 250 pm maps are
far less likely to contain sum values which can be considered particularly extreme,
given the inherently wider range of likely background values. This can be seen
in Figure 4.16, which contains histograms of the distribution of random aperture
values returned by the old and new methods. The stepped black line shows the
sums in aperture returned by the old method (so without any of the exclusions
made using the new technique). The NUV and 3.4 um distributions show a steep
ascent from the faintest values (‘empty’ sky) to most-common values (sky with an
average amount of flux from background sources), followed by a long tail out to
steadily larger values (sky containing increasingly brighter background sources).
Whereas the 250 pym distribution is much more symmetrical — the wide range of
confused sky values is sufficient to subsume the values of sky apertures which con-

tain particularly large or small amounts of flux from resolved background sources.
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FIGURE 4.16 Histograms of the pixel sums contained within random apertures posi-
tioned across 2000” x 2000” photometry cutouts of an arbitrary patch of sky at NUV (up-
per), 3.4 um (centre), and 250 pm (lower). Sum values are in the pixel units of their respective
maps (which are arbitrary). The coloured bars show the distributions of aperture sums
returned by the new technique, whilst the stepped black lines show the distributions pro-
duced by the old. The calculated aperture noise values for both are stated in the upper
right corner of each plot. The dashed vertical lines demark the converged 2 ¢ clipping
limits outside which all values were discarded by the old method. Note that, whilst both
aperture noise estimation procedures only involve using 100 random apertures per cutout,
these histograms were created by using 1000 apertures apiece; this was to make the nature
of the underlying distributions clear in each case.
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This prevents the 250 pm distribution forming tails like those seen in the NUV and
3.4 pym distributions.

The difference in these distributions mean that the bands are differently
affected by the clipping methods employed by the old and new aperture noise
techniques.

In the old technique, the sums from 100 randomly placed apertures were
collected, shown by the stepped black line in Figure 4.16. These values were then
iteratively sigma-clipped with a 2 ¢ threshold. The dashed vertical lines show the
upper and lower converged 2 o limits produced by this method. The final standard
deviation only counted the values contained within these limits. In the NUV and
3.4um plots, this has the effect of clipping out all of the values contained within
their bright tails.

The coloured bars in Figure 4.16 show the distribution of random aperture
sums produced by the new technique for each band. As detailed in Section 4.5, the
new technique excludes random apertures containing extreme sums; this therefore
excludes in the first instance the aperture sums which would have otherwise made
up the bright tail of the distribution. The apertures that are not excluded have
the values of their extreme pixels replaced by the mean value of the non-extreme
pixels; this causes the aperture sums that are included in the distribution to be

biased towards being located closer to the peak.

For the NUV and 3.4um bands, the point brighter than which the old
method clips extreme apertures is very similar to the point brighter than which the
new method does not return apertures. However, the new method returns a more
centrally concentrated distribution than is exhibited by the old values that survive
the clip at 3.4 pm; this is why the new technique generally returns a smaller value
for aperture noise than the old. For NUYV, the distribution with the clip bound-
aries of the old technique is no less smooth than the new distribution, hence the

negligible change in noise value returned.

In the 250 pm case, the distributions returned by the old and new techniques
are essentially identical; very few get rejected, or have their sum significantly al-
tered by excluded pixels. But the old method clips this distribution, whilst the new
does not. As a result, the final standard deviation measured by the old technique
includes a broader range of values, and so generally returns a larger aperture noise

estimate.
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4.5.2 CONCLUSIONS FROM TESTING METHODS OF RELIABLY ES-
TIMATING APERTURE NOISE

The old aperture noise estimation technique employed by CAAPR was
found to return significantly varying output between runs; therefore new tech-
nique was suggested by Steve Maddox to limit the effect of extremal values upon
the process, to make it more stable. I find that this new technique reduces the
standard deviation of the values generated between runs by an average factor of
2.7 compared to the old method. The actual noise values produced by the two
techniques are compatible, and generally within the scatter of their 1:1 relation.
However in the case of the 250 pm band in particular, the aperture noise estimates
returned were on average greater by 18%. This transpires to be due the interplay
between the clipping procedures employed and the noise environments involved.
Both sets of results seem reasonable, and it is not necessarily possible to identify
one aperture noise estimate to be the ‘more correct’. However, given that the new

technique is much more stable, it is the one utilised for CAAPR.

4.6 TESTING THE LIMITS OF CAAPR’S ABILITY TO DE-
TERMINE FLUXES

As explained in Section 4.2.3, calibration uncertainty and aperture noise
alone do not fully quantify the limit of our ability to measure the flux of astronom-
ical sources — despite the fact that it is common practice in much of the literature
to use only these two measures to define photometric uncertainties. To quantify
the limit of CAAPR’s ability to measure the true flux of a source, I performed two
tests.

Firstly, I repeated the photometry for the HAPLESS sample in all bands, but
with a source aperture size 20% larger for each source. Ideally, the fluxes obtained
using these larger apertures would be identical to those obtained from the normal
apertures; the amount of deviation between the two lets us gauge the effectiveness
of both our aperture-fitting and our background-subtraction. The distribution of
deviations for each band is shown in Figure 4.17. In the case of every band, the
mean deviation is within the standard error of a deviation 0, suggesting that no
systematic difference in flux is caused by the larger aperture. I took the root median
squared deviation to represent the uncertainty in each band arising from this effect;

the values are given in Table 4.3.
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FIGURE 4.17 Histograms of the deviation between the standard CAAPR fluxes measured for the HAPLESS sources in each band, and the
fluxes measured using apertures with semi-major axes 20% larger. For each band, the root median squared deviation is given. Also stated
is xo: the difference between the median deviation and a deviation of 0, expressed as a fraction of the standard deviation (meaning that
—1 > xo > 1is compatible with an average deviation of 0).
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The second test I performed involved repeating the photometry, this time
estimating the average pixel value in the sky annuli using the iteratively sigma-
clipped median, instead of the iteratively sigma-clipped mean. In an ideal world,
these would both be equally valid methods, and so the deviation between the final
fluxes returned by them allows us to gauge the limits of our ability to accurately
determine the background. The deviation values within each band are plotted in
Figure 4.18. The mean deviation in each band is compatible with zero, implying
that no systematic bias is caused by the difference in background estimation tech-
nique. To quantify the uncertainty due to this limitation in background estimation,
I once again took the root median squared of the deviations for each band; Table 4.3

lists the resulting values.

4.7 PHOTON NOISE CONTRIBUTION

Given this chapter’s extensive efforts to precisely quantify flux uncertainties
(particularly for Herschel observations), I have here, for completeness, also consid-
ered the contribution of photon noise to the uncertainty of submm photometry.

As described in Chapter 1, the submm wavelength regime lies in the ‘no-
man’s land” between the detection methods generally used at shorter and longer
wavelengths. In the submm, photons possess too little energy for photoconductors
to be useful as detectors; however, the wavelengths in question are nonetheless too
short for antennae to be used.

This ‘no-man’s land’ status remains when considering photon noise in the
submm. At shorter wavelengths, where hv > kT, photon noise is dominated by
shot noise — simple Poissonian uncertainty arising from photon arrival statistics.
At lower energies, where hv < kT, the wave-like behaviour of light takes over,
and the random arrival of individual photons is replaced by the highly correlated
arrival of consecutive peaks in the wave (Ade, Griffin, & Tucker, in prep.), and in-
terference becomes a source of noise. However, in the submm, hv ~ kT. Consider
a typical Herschel observation, being made at a frequency of 1.2 x 10'? Hz (250 pm),
of an object at a temperature of 20K — in which case, hv = 2.88kT. As such, it is
necessary to consider both the shot noise and wave noise aspects of photon noise
in the submm.

The flux of a fainter source will consist of fewer photons, increasing the
uncertainty due to photon noise (which scales with /N for both shot and wave
noise, where N is the number of photons detected). However, for a brighter source,

aperture noise can be rendered negligible, potentially increasing the photon noise
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as a fraction of the total uncertainty. Hence, I determined the shot noise and wave
noise at 250 pm for both the brightest HAPLESS source, NGC 4030 (HAPLESS 6),
and the faintest, LEDA 1241857 (HAPLESS 13).

To determine the photon noise, it is necessary to work out the total num-
ber of detected photons that corresponds to a given flux. By definition, 1]y
=10"2Js'Hz 'm2. At a wavelengths of 250 um, the photon energy hv =
7.956 x 10~22]; given Herschel’s effective collecting area of 8.50 m? (Pilbratt et al.,
2010), a flux of 1]y therefore corresponds to an incident photon rate of n =
1.068 x 10~*s 1 hz~!. The SPIRE 250 um filter has a bandwidth of A/3 (Griffin
et al.,, 2010), corresponding to Av = 4.11 x 10" Hz; therefore we can approxi-
mate the incident photon rate from a source with a flux of 1]y at 250 pm to be
439 x107s71,

Because Herschel observes by continually scanning the sky, an observation
of a given source does not have a straightforward ‘integration time’ to combine
with the incident photon rate to provide the total number of photons detected.
However, the coverage maps created as part of the H-ATLAS SPIRE data reduc-
tion can be used to determine the average effective integration time per sky area.
At 250 um this is 0.7 sarcsec 2. This value allows us to calculate the effective inte-
gration time for a source, using the area of its photometric aperture.

At 250pm, the photometric aperture of NGC 4030 has an area of
19.3arcmin?, which yields an effective integration time of T = 13.51s. Given
its flux of 36.8]y (see Table 4.6), the 250 ym detection of NGC 4030 represents
8.72 x 10'% incident photons. However, account also needs to be taken of the quan-
tum efficiency (77) of the SPIRE detectors, and the overall throughput efficiency (f)
of instrumentation as a whole — which have values of 7 = 0.66 and f = 0.38 at
250 pm (Griffin et al., 2008). Incorporating these factors gives a total number of
photons detected from NGC 4030 of 2.19 x 10'°. This entails a Poissonian photon
shot noise of 1.48 x 10° photons — 0.00066 % of the total. Or, put in terms of the
source flux, 0.25 m]y.

Similarly, LEDA 1241857 has an aperture area of 0.45 arcmin?, giving an
effective integration time of T = 0.32s at 250 ym. Combined with its 250 um flux
of 45 m]Jy, and following the same process as above, this gives a total of 6.16 x 10°
detected photons, and hence a photon shot noise of 785 photons — 0.12 % of the
total, equating to 57 pJy.

The photon wave noise is more complex to consider. The root-mean-
squared fluctuation in the number of photons detected is described by Bose-
Einstein statistics, and is given by:
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Coave = Jnmv (1 LS > (4.10)
ekt —1

taken from Ade, Griffin, & Tucker (in prep.). Assuming a source temperature of
20K, and using all other values as above, this yields photon wave noise for NGC
4030 of 1.49 x 10° photons; this is 0.00068 % of the total, or 0.25m]Jy. For LEDA
1241857, the photon wave noise corresponds to 790 photons — 0.13 % of the total,
or 58 pfy.

The shot noise and wave noise estimates are extremely similar, serving to
illustrate the position of the submm at the crossover between the two domains.
Regardless, in the case of both the brightest and faintest HAPLESS sources, photon
noise is utterly negligible.

4.8 CONCLUSION

In this chapter, I have described the process of acquiring high-quality pho-
tometry of the HAPLESS galaxies. There was no existing reliable photometry for
the galaxies of the HAPLESS sample, so I designed, created, and tested a purpose-
built photometric pipeline - CAAPR: Chris” Adequate Aperture Photometry Rou-
tine. The emphasis for CAAPR was that it not only produce reliable fluxes, but also
reliable uncertainties; an aspect of photometry often neglected in the literature, but
of growing importance as SED-fitting becomes a tool increasingly relied upon by
astronomers. The extensive testing detailed in Sections 4.4, 4.5, and 4.6 suggests
that CAAPR is able to consistently produce the accurate, reliable photometry re-
quired