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Abstract

The European Space Agency (ESA) Herschel Mission concluded observation of the Far-
infrared (FIR) Universe in 2013, providing a wealth of observations of the interstellar
medium and distant galaxies. The Spectral and Photometric Imaging Receiver (SPIRE),
one of Herschel’s three instruments, consists of an imaging photometer and an imaging
Fourier Transform Spectrometer (FTS). The SPIRE team has developed an automated rou-

tine to extract spectral features from all SPIRE FTS observations.

This thesis introduces FIR astronomy and instrumentation, and the legacy of FIR space
telescopes through to Herschel. The SPIRE instrument and the Feature Finder are intro-
duced. This thesis includes the methods by which the molecular and atomic transitions of
the lines extracted from SPIRE FTS observations are identified, and presents these iden-
tification results. The application of the feature finder to SPIRE FTS off-axis detectors is
also detailed and presented. The thesis concludes with a brief discussion of future FIR

instrumentation.
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Chapter 1

Introduction

I cleave the heavens and soar to the infinite. And while I rise from my own
globe to others and penetrate ever further through the eternal field, that which

others saw from afar, I leave far behind me.
—Giordano Bruno (1584)

The pursuit of a greater understanding of the Universe around us has been an inspiration
and motivation for the human race throughout history. This endless search for our place in
the vastness of space has lead humanity to its first steps on the moon 50 years ago, to send
Voyageur [2] out into the reaches of interstellar space and beyond (continuing its mission,
to date more than 143 times further out from the sun than Earth) [2], and to construct the
16 km? LIGO interferometers [3] looking for the faintest of signals. Indeed, it seems that
the majesty and wonder one experiences when looking up at a starry night sky is one of the

things that is common to all of humanity.

Our search for knowledge concerning the Universe around us is not without difficulties.
Due to the vastness and nature of the large scale Universe, direct experimentation of most
systems in astronomy and astrophysics is for the most part beyond our reach. One cannot
simply travel to the nearest star and put a thermometer in it nor can we arrange for a con-
venient viewing of a stellar birth in a laboratory environment. As such, almost all of the
information available to us about these distant systems comes in the form of light. The care-
ful cataloguing of the information contained in this light has always played an important

role in astronomy and astrophysics. Even from the ancient works of ‘Abd al-Rahman ibn



1. INTRODUCTION

‘Umar al-Sufi [4] and Chinese astronomers [5] (964, 1054 A.D.), cataloguing astronomical
observations has played an important role in advancing our understanding of the Universe.
In spite of the enormous quantities of data available to us today, most of the Universe is
still not understood and we are limited by both current technology and current theoretical
models. Advancements in both of these areas are highly contingent on data from previous
generations of instruments and astronomers making it an important work to extract all use-

ful information from each and every observation.

In this first chapter I will give a brief overview of major scientific goals in the field of
Far-Infrared (FIR) astronomy and the unique challenges faced by instruments designed to
observe FIR wavelengths. As part of this discussion I will summarize the legacy of space
telescopes that have been launched to observe the IR and FIR Universe leading to the de-
velopment of the Herschel space observatory and one of its three focal plane instruments,
the Spectral and Photometric Imaging Receiver (SPIRE). Through this discussion, I hope
that the reader will begin to appreciate how the SPIRE instrument represents decades of
past knowledge and experience culminating in a truly unique and specialized instrument
to further our understanding of how stars form and how galaxies evolve. As the SPIRE
instrument houses a Fourier Transform Spectrometer (FTS), I will provide an overview of
Fourier Transform Spectroscopy techniques and design. This discussion will include an
introduction to Fourier analysis, the optical design of FTS instruments and their mathemat-
ical framework, and how spectral information is retrieved from an FTS. This overview is
far from exhaustive on the subject but provides the foundation knowledge required for the

following chapters.

In the second chapter of this thesis I will introduce the Spectral and Photometric Imag-
ing Receiver (SPIRE) FTS instrument and the development of the Herschel SPIRE FTS

Spectral Feature Finder (FF) algorithm and line catalogue. My discussion of the SPIRE
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FTS will include technical details of the SPIRE instrument concerning optical design, ob-
servational modes, and SPIRE FTS data products that are necessary for an understanding
of SPIRE FTS spectral observations. An accessible technical description of the entire in-
strument written for an observer’s perspective can be found in the SPIRE observers manual
(Valtchanov et al. [6]). The FF is an archival work by the SPIRE instrument team to
develop a computer automated routine to extract all prominent spectral information from
SPIRE FTS spectra and present it in a publicly available user-searchable catalogue for as-
tronomers [7]. In this chapter I will present a summary of my contributions to the overar-
ching project and provide an overview of the automated routine. My goal in this discussion
is to provide the reader with the technical details, nomenclature, and conventions employed

by the FF that will be necessary for the discussion of my largest contributions to the project.

The third and fourth chapters of this thesis present my largest contributions to the FF
project. Chapter 3 discusses the formulation of a template comprised of spectral features
that are important to FIR astronomy and are commonly found in SPIRE FTS spectra. Using
this template, I match the prominent spectral features extracted by the FF routine with the
energy transitions in molecules and atoms. Also included is a description of a routine I
developed that uses the information from line identification to address low SNR features
contained in SPIRE FTS observations that can be missed by the FF. The results of both
routines after being applied to all publicly available SPIRE FTS observations are presented
in this section. Through this identification routine, the FF is expanded to include informa-
tion concerning the chemical and atomic composition of astronomical sources observed by

the SPIRE FTS .

In the fourth chapter of this thesis, I present my work to extend the FF to include all
56 operational detectors of the SPIRE FTS for sparsely sampled single-pointing observa-

tions. These observations make up the majority of the SPIRE FTS catalogue and, up to
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now, only the two central detectors of the FTS are nominally considered by the FF. The re-
sults from applying the FF to off-axis detectors in these observations are presented and the
utility that the extracted spectral features provide is also discussed. To complement these
results, I have developed postcard images that are used in the FF catalogue to provide at-a-
glance summaries of the information contained in the off-axis detectors in sparsely sampled
single-pointing observations. The work presented in this chapter provides a significant con-
tribution of spectral features observed by the SPIRE FTS to be included in the FF catalogue

for its upcoming third public release.

I use the fifth and final chapter of this thesis to summarize all that has been presented in
this thesis and discuss its contribution to the archival stage that finalizes the mission of the
SPIRE instrument. In this section I also discuss the future of FIR astronomy as a whole as
it progresses towards future missions by building on the Hesrchel Space Observatory and

SPIRE instrument legacy.

1.1 Far-Infrared Astronomy

Coelorum perrupit claustra. He broke through the barriers of the skies.
—William Herschel’s Epitaph

Observing the Universe at different wavelengths provides a completely different view.
As we peer into longer wavelengths, the emission from nearby stars fades into the back-
ground and the emission from distant galaxies and the cold dusty regions of the Interstellar
Medium (ISM) become more apparent. Throughout this thesis I will refer to FIR radia-
tion as corresponding to wavelengths of light ranging ~ 100-1000 um which corresponds
to the peak blackbody radiation from sources of temperatures between ~ 30 and 3 K, re-
spectively. It is particularly important to note that modern research has shown that nearly

half of all the spectral energy ever emitted by stars in galaxies would be observed in FIR

4
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and IR frequencies [8]. In this section, I will describe the unique systems that FIR light al-
lows astronomers to study and the unique challenges faced by those wishing to study these

frequencies of light.

1.1.1 Star Formation

Stars and planetary systems can be considered to be a constituent building block in the
structure of the Universe. Observations of star formation in the FIR were first enabled by
the development of the infrared bolometer in the early 1960s by Low, F [9, 10, 11, 12]. The
field has matured to the point that we now have obtained broad spectral observations of the
FIR from multiple space observatories. Understanding the origin of stars and planetary sys-
tems has become an active area of study [13] with many recent discoveries. Despite finding
their origins in the diffuse ISM (< 6 x 102! kg m~?), stars often achieve densities in excess
of 103 kg m™3, which is no simple task [14]. We will see through a simple model that the
cold dense regions of the ISM that are bright at FIR frequencies are the ideal locations for

stars to form.

We begin with a spherically symmetric self-gravitating cloud of monatomic gas that is
only under the forces of self-gravity and internal pressure. We will ignore any pressure from
surrounding gas allowing us to write the equilibrium condition, using the virial theorem
[15], as

27+Q=0 [J] (1.1)

where 7 is the thermal energy content of the cloud and Q is the gravitational self-energy
(for a full derivation see Appendix D.1). Equation 1.1 demonstrates the battle between
thermal pressure (encoded in 7)) and gravity (Q); if the pressure term dominates the cloud
expands but if the gravity term dominates it will collapse. It should be noted that this treat-

ment of star formation has not accounted for the effects of magnetic fields [16, 17] and
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turbulence [18] in the ISM which are known to play an important role in star formation pro-
cesses. This discussion is, however, sufficient to demonstrate the utility of FIR wavelengths

for studying star formation.

If we assume that the cloud is of uniform pressure and density we can write the condition

for collapse in terms of the cloud’s pressure P, radius R, and mass M.. With

2T =3PV, =4nR3P. [J] (1.2)
and
Me GM(r)dM 16m> , . [Re , 3GM?
Q — — = —— ¢ 1.
e 026 [ar= 22 W ad)
we require
3GM?
< 2 4nRP. []] (1.4)
5 R,

for the successful collapse of the cloud. From the ideal gas law and Equation 1.4, we obtain

P.=—<"% |[Pa], (L.5)

where T, is the temperature of the cloud, k is the Boltzmann constant, my is the mass of
hydrogen, and u is the mean molecular weight (u = 1 for a neutral atomic hydrogen gas,
u = 0.5 if the hydrogen is ionized). Equation 1.5 allows us to write our collapse condition

as,

[J]. (1.6)

If we write R, in terms of the cloud’s mass density, p,

YARE
R, = ( 4Rpc> [m], (1.7)
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and arrange our condition for the mass of the cloud, we obtain Jean’s criterion [19, 1]:

5kT 3/2 3 1/2
MCZ(Gym;,) (Mp) [kg]. (1.8)

This criterion is often referred to as the limiting mass required for a cloud to collapse, or

the Jean’s mass. Similarly we can solve for the minimum radius required for collapse,

15k \'/?
Ry =~ (m) [m], (1.9)

known as the Jean’s length.

Through Jean’s criterion, we see that the ideal environments for clouds in the ISM to
collapse and form stars are cold and dense regions since they require smaller and less mas-
sive density enhancements. This is supported by overwhelming observational evidence that
stars form from cold molecular clouds in the ISM that provide the required cooling mech-
anisms for density enhancements to collapse [13, 14]. These cold molecular clouds are
particularly bright at sub-mm and FIR wavelengths. For this reason, FIR light is partic-
ularly useful for probing systems where stars collapse and begin their earliest proto-star

stages [20, 21, 22].

1.1.2 Distant Galaxies

Perhaps one of the most profound discoveries about the nature of the Universe from the
previous century is Edwin Hubble’s characterization of the expanding Universe [23, 24]. An
observer looking out into the Universe in all directions will find, perhaps to their surprise,
that the light from almost all extragalactic objects experiences a shift to lower frequencies,
or a redshift, that indicates that they are moving away from us and that the further away an

object is, the faster it moves away from us. This universal redshift phenomena has come to
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be known as Hubble’s Law [1]:

v=Hyd [kms™'], (1.10)

where v is the radial velocity of a given source, d is the distance from observer and Hy is
the Hubble constant. Hubble’s law shows us that the light from distant objects is observed
in FIR wavelengths [1]. A more complete discussion of redshift can be found in Section

2.2.5 of this Thesis.

It is well understood that due to the fixed speed of light in vacuum, when an observer
receives light from a distant object they are seeing the object as it existed in the past [1].
Let us consider a simple example; Andromeda (or M31) is the closest spiral galaxy to our
own, being a seemingly enormous ~ 2.4x10'” km away from us (more than ten orders of
magnitude greater than Earth’s separation from the Sun) [25]. Ignoring any interactions
with matter that may occur along the line of sight, the light we receive from Andromeda
was emitted from the stars in that galaxy ~ 2.5 million years ago. Thus as we study highly
redshifted (distant) FIR galaxies we are able to see them in their infancy. Recent surveys
have shown that IR luminous galaxies are responsible for at least half of the light in the
Universe ever emitted by stars with many of these galaxies at large distances such that their

light is now observable at FIR frequencies [8, 26].

1.1.3 Challenges

Though FIR light allows the study of unique systems that provide important insights
for cosmology and astrophysics, there are certain instrumental design challenges that make
observation at these frequencies particularly difficult. Some obstacles faced by FIR instru-
ments for astrophysical observation are atmospheric absorption, angular resolution, thermal

emission from instrument optics, and the sensitivity of the associated FIR detectors.



1.1. FAR-INFRARED ASTRONOMY

The atmosphere of Earth contains large quantities of water and other molecules that
are optically active at FIR frequencies and for the most part absorb all of the light at these
frequencies. With the exception of high altitude or antarctic ground based observatories
(see Soifer and Pipher [27]), the atmosphere is considered to be mostly opaque to FIR as-
tronomers (Figure 1.1) and the most effective broad band FIR observatories are by necessity

space-borne missions.
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Figure 1.1: The opacity of Earth’s atmosphere for different wavelengths of light.
Courtesy of NASA, http://coolcosmos.ipac.caltech.edu/cosmic_classroom/ir_
tutorial/irwindows.html.

If we consider an instrument with a circular aperture, the Rayleigh criterion [28] for

resolving two point sources is

0= 1.2205, (1.11)
D

where 0 is the angular resolution of the instrument, A is the wavelength of light observed,
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and D is the diameter of the aperture [1]. From Equation 1.11, we see that to observe the
longer FIR wavelengths a larger aperture (i.e., telescope mirror) is required. For a simple
example, consider the nearby star forming region, Serpens South, at a distance of ~ 1400
light-years [29]. In order to resolve two massive bodies separated by ~ 1 AU (say a young
stellar object and a newly forming planetary mass) an angular resolution of ~ (.06 arcsec-
onds is required. At a wavelength of 200 um this resolution corresponds to a telescope with

a primary mirror that has a diameter of ~ 14 m.

The thermal emission from the telescope itself becomes a major obstacle when ob-
serving FIR light. As we discussed previously, blackbody radiation which peaks at FIR
wavelengths corresponds to objects of very low temperatures (~ 3-30 K) and thus objects
at temperatures of even just a few kelvin may be significant sources of radiation to detectors

that are sensitive to FIR wavelengths.

The atmospheric opacity, thermal background from the instrument itself, and the size
requirements of the primary aperture give rise to the unique situation of FIR astronomy.
The sensitivity of the detector must be well coupled to the system optical design while the
FIR instruments must balance a budget of size, cryogenics, and height above the Earth’s
atmosphere. We see that the ideal FIR observatory would be a large space-based instru-
ment that is cooled to cryogenic temperatures but the size of the primary mirror and weight
of the cryogens is then limited by rocket fuel, durability, and the dimensions of the rocket.
The history of space-based FIR telescopes is a progression of instruments with increasing

lifetimes as these three budgets of size, cooling, and rocket fuel are all balanced.

1.2 Herschel and the Far-Infrared Legacy

Science progresses best when observations force us to alter our preconceptions.

10



1.2. HERSCHEL AND THE FIR LEGACY

—Vera Rubin

The history of FIR astronomy has been a constant march forward as new technologies
come to light allowing for bigger and colder telescopes to be launched. Each new telescope
and instrument provides an important foundation of knowledge and experience to drive the
next generation of instruments. In order to provide context for the Herschel-SPIRE FTS,
I will briefly discuss its predecessors and how each made a meaningful contribution to the

scientific goals of FIR astronomy.

1.2.1 Infrared and Far-Infrared Telescopes

The Infrared Astronomical Satellite (IRAS) mission was a collaborative work between
the United States (NASA), the Netherlands (NIVR), and the United Kingdom (SERC) space
agencies to provide an unbiased sky survey at wavelengths ranging from 8-120 um [30].
The IRAS telescope had a liquid helium-cooled primary mirror that was only 60 cm in di-
ameter [31, 32]. The telescope was launched in January 1983 and completed its mission
later that year in November with the depletion of its liquid cryogens. The spatial resolution

of IRAS ranged from 0.5 arcminutes at 0.5 ym up to 2 arcminutes at 100 um [32].

During its relatively short lifetime, IRAS providing coverage of more than 96% [31] of
the sky. The IRAS survey provided a catalogue of ~ 250000 point-like FIR sources and
~ 20000 extended FIR sources [31]. These early catalogues revealed excess FIR emission
surrounding stars [33, 34] and the presence of physical processes that occur in the ISM
[35]. The success of IRAS marks a significant milestone in FIR astronomy. Providing the
first full-sky survey at IR wavelengths [31], it generated the interest necessary for the field

to grow and paved the way for future missions.

11
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In 1995 the Infrared Space Observatory (ISO) began its two and a half year mission
[36]. Like IRAS, ISO also carried a 60 cm cooled primary mirror [36]. ISO provided an
upgrade on IRAS in many respects, achieving an improved spectral sensitivity on the or-
der of 103 [36, 37] covering wavelengths from 2.5-240 um. The spatial resolution of ISO

ranged from 1.5 to 90 arcseconds [36].

Through ISO, a much greater understanding of star formation, the ISM, and distant
galaxies was achieved [37]. One of the highlighting discoveries was the detection of water
vapour in the Orion Nebula [37]. Similar to the IRAS mission, ISO provided an expansive

catalogue of 30 000 FIR science observations [37].

Continuing on into the next decade, the Spitzer Space Telescope was launched in August
2003 [38, 39]. The Spitzer mission was designed as a two-phase mission with a cold phase
and a warm phase [38]. During the cold phase of the mission the 0.85 m diameter mirror
was cooled to as low as 5.5 K [38] until the depletion of its cryogens in May 2009 which
initiated the warm phase of the mission [40]. During the warm phase, only observations at

3.6 and 4.5 um are possible [39]. The warm phase of the Spitzer mission continues today.

The photometric imaging instrument onboard Spitzer covers a wavelength range of 3.6—
100 um achieving a spatial resolution of ~ 2 arcseconds but not quite reaching fully into
FIR wavelengths. Its spectrometer observed spectra even further from FIR wavelengths
only reaching to 40 um [39]. Through Spitzer a large survey of the galaxy revealed impor-
tant information concerning newly forming stars furthering the development of our current

understanding of star formation [41].

Each of the space telescopes and their instruments discussed have played an important

role in answering the scientific goals of FIR astronomy. Even with these contributions, it

12
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is apparent that high spatial resolution observations covering the entire FIR band had not
yet been achieved. This motivation led to the development of a FIR telescope boasting the
largest single piece mirror ever employed by a space observatory [42], the Herschel Space

Observatory.

T T T T T T
0 200 400 600 800 1000

Wavelength [um]

Figure 1.2: The wavelength range covered by each of the FIR/IR telescopes that have been
discussed. Black dashed lines mark the FIR region, ~ 100-1 000 um. The atmosphere is
opaque to these FIR wavelengths. During the warm phase of Spitzer, only two camera
bands centred at 3.6 and 4.5 um are operational.

T T T T T T
1985 1950 1995 2000 2005 2010

Time [yr]

Figure 1.3: The timeline of FIR and IR space telescopes that have been discussed. The
lighter shaded green bar shows the warm phase of Spitzer which is currently ongoing.

1.2.2 The Herschel Space Observatory

The Herschel observatory was launched in May 2009 and ended observations in April
2013 with the depletion of its liquid cryogens [43]. The primary mirror of Herschel was

3.5 m in diameter [42, 44, 45] which is to date the largest monolithic mirror ever flown in
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Table 1.1: A summary of the FIR and IR space observatories discussed. The minimum
spatial resolution,0,,;,, achieved at the shortest wavelength viewed by each telescope is
shown with the information provided in the text.

Mission Duration 0, [arcseconds] Mirror Diameter ~ Wavelength
[months, days] [m] Coverage [um]
IRAS 9,26 30 0.60 8-120
ISO 28,22 1.5 0.60 2.5-240
. Cold: 68, 20 Cold: 3.6-100
Spitzer Warm: Ongoing 2 085 Warm: 3.6, 4.5
Herschel 49,2 5 3.5 55-672

space [44]. The cryostat used to cool the three focal plane instruments, the Heterodyne
Instrument for the Far Infrared (HIFI), SPIRE, and the Photodetector Array Camera and
Spectrometer (PACS) built upon successful technology from the ISO cryostat [45]. Im-
provements on the design resulted in a projected 3.5-year lifespan for the cryogens (which
it surpassed) as an upgrade over the 2.5-year lifespan of ISO. Herschel successfully oper-
ated far from the Earth in a large-amplitude quasi-halo orbit around the second Lagrangian
Point [46] (see Figure 1.4). Herschel was the first large-scale space observatory mission to
provide broad coverage of FIR wavelengths providing an unprecedented view of the cold

and dusty Universe [45, 46].

Herschel was designed in order to further our understanding of distant galaxies and
their evolution, the formation of stars and planetary systems, late stages of stellar evolution,
and the interaction between successive generations of stars and the ISM [45]. The payload
instruments onboard the observatory provided wide area photometric surveys of the Galaxy
and extra-galactic targets as well as spectroscopic observations to understand the physics
and chemistry of the ISM (both in the Milky Way and in other galaxies) [45]. Herschel’s
surveys of the Galaxy have uncovered the extensive filament structure of the ISM [47] and
traced water molecules throughout star-forming regions [48]. Herschel, through its obser-

vations of distant galaxies, has also provided a timeline of the role of interstellar dust in
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Figure 1.4: The Herschel Space Observatory orbit. Courtesy of the European Space
Agency, https://www.esa.int/Science_Exploration/Space_Science/Herschel/
Operating_Herschel. Diagram is not to scale.

galactic evolution [49]. A comprehensive list of publications from Herschel observations is

maintained by the European Space Agency! and new findings continue to be published.

As Herschel’s archival phase (following the end of the observation phase) winds to a
close, important work is being done to extract all of the information that can be obtained
from its observations. This thesis discusses current work that is being done to ensure that
the information contained in spectral observations from the Herschel-SPIRE instrument is
as accessible as possible to astronomers. Spectral observations from the SPIRE instrument
are provided by an imaging FTS which is fully discussed in Chapter 2. In the following
section, I will provide a brief overview of Fourier transform spectroscopy and the design of

FTS instruments.

"https://www.cosmos.esa.int/web/herschel/scientific-publications
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1.3 Fourier Transform Spectroscopy

Nature is not embarrassed by difficulties of analysis.
—Augustin-Jean Fresnel (1866)

The technique of Fourier analysis was initially developed by Jean Baptiste Joseph Fourier
(1768-1830) in his study of heat flow in solids [50] and has since developed into a robust
and widely used tool for analyzing periodic functions and signals. In order to understand
the utility and physical meaning we can attach to this technique, let us consider a simple
example before we begin a more detailed mathematical treatment. It is a fairly simple ex-
periment to see that, through the use of a prism, sunlight is composed of an almost uniform
spectrum of many colours or frequencies. A prism is a fairly simple dispersing element,
it changes the direction in which light propagates depending on the frequency. If we try
this same experiment on another light source, say a sodium vapour lamp, we will instead
observe that some frequencies such as yellow and cyan are more prominent than others, in
fact, if we have been careful in the structure of our experiment we may even see charac-
teristic dark gaps between bright portions of the spectrum. From this simple experiment
we see that, firstly, light is composed of a spectrum of different frequencies, and secondly,
that some frequencies may be more prominent, or have greater intensities, than others. It
is through Fourier analysis [51] that we obtain a mathematical representation of this phe-

nomenon that allows us to understand the underlying physical processes that occur.

1.3.1 Fourier Analysis

Fourier’s theorem essentially states that a function, f(¢) of some temporal duration, Ty,
(e.g., an electromagnetic wave varying in time) can be represented by an infinite series
of harmonic functions with periods that are integer sub-multiples of Ty (i.e., Tp/n where

n=1,2,3...). An example of this Fourier composition of a simple square wave is shown
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in Figure 1.5. We can see this in the trigonometric form as [52],

f(t) = C%O + Y [aycos (nwot) + by, sin (nwot)] (1.12)
n=1
where
21
o) = — 1.13
o= 7 (1.13)

is the fundamental frequency in the series and a, and b, are the amplitudes, or weighting

factors, of each sinusoid’s nth frequency. These coefficients are determined by,

2 rt+To
a, = F f(t)cos(nwotl)d[/7 n— 1,273..., (1.14)
0Jt
and
2 t+Ty
b, = T f@)sin(noot’)dt', n=1,2,3.... (1.15)
0Jt

It is worth noting that in Equation 1.12, the series of cos (nwot) and sin (nmot) terms form
a mutually orthogonal basis [52].

It is fairly common to see the Fourier series written in exponential form,

f@)="Y dpe™™, (1.16)
n—-—oo
where
1 t+To . ,
d, = = ft)e "™ gy’ (1.17)
0Jt

and the weights of each frequency component are split between negative frequencies (n < 0)
and positive frequencies (n > 0), while n = 0 provides dy, the zero frequency offset term.
It is important to note that there exist Dirichlet conditions for which a convergent Fourier
series representation of f() exists [52, 53]. With sufficient number of Fourier components,
periodic waveforms that can be generated in a laboratory environment may be described by

a Fourier series [54, 55].
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Figure 1.5: The first five terms of the Fourier composition of a square wave. Each discrete
frequency sinusoid is shown as a thin waveform and the sum of these components is shown
in the thicker brown line. A perfect square wave of the same period is shown by the thickest

pink line.

Let us now consider the situation where the spacing between harmonic frequencies
becomes infinitesimally small and the limits of the Fourier series extend out to infinity. As

we approach this limit Equation 1.16 takes the form,
flt) = / F(v)e?™dy. (1.18)

This is known as the reverse (or inverse) complex Fourier transform (note 2wv = ). Instead
of a set of discrete weighting coefficients or amplitudes for each harmonic frequency, we
now have a smooth and continuous spectrum. This spectrum of amplitudes is given by the

forward complex Fourier Transform (or simply the complex Fourier Transform),

F(v)= /w F(t)e ™ dr. (1.19)

—00
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If we return to our prism thought experiment of a polychromatic light source, ¢ takes on
units of time, s, and v takes on units of frequency, Hz. We see that our light source, f(t), is

composed of continuous spectrum of frequencies or colours, F (V).

1.3.2 The Michelson Interferometer

The Michelson interferometer has been a particularly effective measurement tool that
has applications ranging from the historical evidence against the theory of a luminifer-
ous ether [56] to the recent detection of gravitational waves by the Laser Interferometer
Graviational-wave Observatory (LIGO) [3]. The Michelson interferometer provides a sim-
ple example of an FTS [57]. The experimental design of a Michelson interferometer is

shown in Figure 1.6 and the light path is as follows:
1. Collimated light from a source enters the inteferometer.

2. The resulting plane wave, or beam, is split down two separate paths of the interferom-
eter (often called “arms” of the interferometer) by a beamsplitter. Ideally the beam

amplitude/intensity is equal in each path of the interferometer.

3. Each beam path strikes a mirror, one is fixed (3a) while the other is movable (3b)

along the optical axis. Each beam is reflected back to the beamsplitter.

4. The beams are recombined by the beamsplitter sending the recombined beam through
axis output ports. In this case, both the input source (1) and the detector (5) are

outputs ports.

5. A detector is placed at the focus of the final optics which records the interference
of the combined waves of light. The result is an intensity variation that depends
on the phase difference of the interfering waves, known as an interferogram. The
phase difference between each beam is the result of an Optical Path Difference (OPD)

introduced by the moving mirror (3b).
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Figure 1.6: Optical diagram of a Michelson interferometer [56, 58]. Adapted from Spencer,
L. [55].
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Though it is a simple design, the Michelson interferometer has a disadvantage in that one
of its outputs is convergent within an input. Improvements to the design have been made by
tilting the light path so that it enters and exits the interferometer off-axis from the beamsplit-
ter and stationary mirror [59] or through the use of the Mach-Zehnder (MZ) configuration.
A full description of the MZ-FTS is presented in Chapter 2 with the introduction of the

SPIRE instrument.

Let us consider a monochromatic source of wavenumber 6o [cm™'] illuminating the
input of the interferometer. It is worth noting here that in the field of Fourier transform
spectroscopy the term wavenumber, and frequency, are often used interchangeably since
6 = 1/ =v/c. Once this input beam is divided by the beamsplitter the electric fields
describing each beam can be written as,

E; (zl,t') = Eore’prmeizn(c"zl*W/)te’.T [V/m]

o | , (1.20)
E, (Zz,t/) = Eotenrmelzn(c"zrw )retP [V/m]

where Ej is the amplitude of the initial electromagnetic wave with an angular frequency
Wy = 271Gy, te'" is the beamsplitter transmission, re'? is the beamsplitter reflection, r,, is the
reflection coefficient of each folding mirror, and ¢’ is the travel time. Variables z; and z, are
the optical path lengths of each arm, respectively. The electric field of the waves interfering
at the detector, Ep, is simply the superposition of both waves (i.e., Ep = E| + E>). Far-
Infrared (FIR) detectors typically measure the total intensity, Ip = E},Ep, from both waves
once they are recombined. This is given by,

€,

=—* |Ep|* = ce,EZRnRT [1 +cos (2m0,2)]  [W/m?], (1.21)

Io(Z)

where c is the speed of light, €, is the permittivity of free space, z = z; — z» is the OPD,

R, = r,%i is the reflectance of the mirrors, and R = r% and T = ¢ are the reflectance and
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transmittance of the beamsplitter, respectively. For an ideal interferometer, the beamsplitter
reflects and transmits 50% of incident light and the mirrors are perfect reflectors. Itis typical
to substitute B(Gg) = c&,|Ep|* as the intensity of the monochromatic source resulting in the
expression,

I,(z) = RuRTB(0,) [cos (2m0,2)]  [W/m?]. (1.22)

The constant term in Equation 1.21 is typically ignored since it contains no spectral in-
formation [57, 55]. We see that as z varies by scanning the movable mirror the detector
will observe alternating intensity maxima and minima. Taking the Fourier transform of
Equation 1.22, two delta functions are obtained at £ [55]. The spectrum is zero for all

frequencies other than that of the source.

Due to the linearity of the Fourier transform, the detector sees a superposition of cosines

from Equation 1.22 when viewing a polychromatic source,
o0 5
1(z) = RuRT / B(c)cos(2noz)de  [W/m?]. (1.23)

For an ideal interferometer, when z = 0 all frequency components exhibit zero phase differ-
ence and constructive interference occurs simultaneously for all wavelengths. This point is

commonly referred to as the point of Zero Path Difference (ZPD).

We see that, neglecting the leading constant R,,RT for the moment, Equation 1.23 is
the even, or cosine, Fourier transform of the spectrum B(G) [57]. The spectrum is then

recovered by the inverse transform,

1

B(o) =
() R,,RT

+o0
/ _ I(z)cos(2m0z)dz [W/m?]. (1.24)

We see here that just as time, ¢ [s], and frequency, v [Hz], make a Fourier transform pair, so

22



1.3. FOURIER TRANSFORM SPECTROSCOPY

do OPD, z[cm], and wavenumber, ¢ [cm~!].

1.3.3 Instrumental Line Shape

Up to this point our discussion of FTS has been based around an “ideal” instrument. In
Equation 1.24 we have considered a system in which OPD can be infinite, for real-world
instruments there exists some finite maximum OPD that can be achieved which results in an
Instrumental Line Shape (ILS) that deviates from a delta function. It is possible to sample
the spectrum in such a way that the true profile of the ILS is not always apparent and the

unwary observer may remain unaware of these important considerations.

Consider the interferogram for a monochromatic source:
1(z) = cos(2mopz)  [W/m?]. (1.25)

The interferogram is limited to some finite path where, —L < z < +L. This is the equivalent

of multiplying an infinitely long interferogram (Equation 1.25) by a top-hat function,

V4

Tops(2) = I(2)u (i) W/m?],

N R e Y) (1.26)
where u (—) =
2L

0 otherwise

To understand the effect this has on the spectral domain we must consider the convolu-
tion theorem for Fourier transforms. For any two functions f(z) and g(z) with the Fourier
transform pair function F{f(z)} = F(o) and F{g(z)} = G(c), where ¥ is the Fourier

transform operator. (i.e., F{f(z)} = [, f(z)e*™dy),

F{f(2)g(2)} = F(0) * G(0). (1.27)
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In Equation 1.27, F(6) * G(0) is the convolution [52] of F (o) and G(o). The convolution
theorem shows us that multiplication in one (interferogram) domain is akin to convolution

in reciprocal the Fourier (spectral) domain [52].

If we now consider the interferogram observed by the spectrometer in Equation 1.26,

the observed spectrum takes the form,

Boys(06) = B(o) x2Lsinc (2Lo)  [W/m?], (1.28)
where
, __sin(2nLo)
sinc (2Lo) = ol (1.29)

is the Fourier transform of the top-hat function u (ﬁ) (Equation 1.26). Due to the finite
optical path, the ILS of a real world FTS is a sinc profile. The Full Width at Half Maximum

(FWHM) of this sinc profile is given by,

1
FWHM = 1.20786 = 1.207 (i) [em~1]. (1.30)

The width, 80, of the feature in Equation 1.30 is the resolution width or the distance be-
tween statistically independent samples in a spectrum. We see that in order to increase the

spectral resolution of an FT'S we must increase the maximum possible OPD that is scanned.

The constraints of a physical FTS instrument are described by an ILS function, O(c).
The observed spectrum is the ideal spectrum, B(G), convolved with the ILS, O(c) (see Fig-
ure 1.7). This ILS deviates from the ideal sinc function through the introduction of off-axis
rays entering the interferometer. For the case of the FTS within the SPIRE instrument,
which is discussed in Chapter 2, the finite entrance aperture of the central detectors results

in a modest deviation in the ILS from the sinc profile. Furthermore, the ILS for the off-axis
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detectors (see Section 2.1) also exhibit related deviations from the ideal sinc profile. While
these effects are noted and understood, the observed effect in SPIRE FTS data is subtle and
for the purposes of this thesis and the FF (see Section 2.2) a sinc line profile is sufficient.
For the SPIRE FTS instrument, these effects are well characterized by Spencer, L [55] and

Naylor, D et al. [60]. Some discussion of these obliquity effects is provided in Appendix D.

In order to reduce the magnitude of sidelobes, or ‘ringing’, in an FTS spectrum, it is
common to multiply the measured interferogram by an apodizing function. All analyses of
FTS spectra in this thesis will be done without the use of apodization but a full description

of the technique can be found in Naylor et al. [61].

1.3.4 Consequences of Digitization
Our considerations of the Fourier relationship between interferogram and spectrum up

to this point have only included smooth and continuous functions. The measured data in an
FTS instrument is in reality a sampling of some theoretically smooth continuous interfero-
gram. Ideally the sampling of the mirror’s movement provides evenly spaced OPD intervals
with width 8z. The Nyquist-Shannon (or simply Nyquist) sampling theorem states the re-
quired conditions for a discrete signal to be mathematically equivalent to the continuous
interferogram [62, 63]. The theorem as stated by Claude Shannon is as follows [63]:

If a function f(¢) contains no frequencies higher than W counts per second, it

is completely determined by giving its ordinates at a series of points spaced

1/(2W) seconds apart.
The consequence of this theorem in the spectral domain limits the spectrum to a maxi-
mum frequency equal to 1/(208z), or the Nyquist frequency, Gnyq. The sampling theory can
be thought of as sampling in time or distance [57]. If a spectral feature with a frequency
greater than the Nyquist frequency is present in the interferogram, it will be aliased in such

a way that a feature of frequency nGyyq + 6o (n = 1,2,3...) will appear in the Nyquist lim-
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Interferogram Spectrum

Ideal ILS

Finite OPD

Sinc-ILS

Figure 1.7: The consequences of a limiting OPD on the line profile of an FTS in both the
measured interferogram and its Fourier reciprocal spectral domain. For more details see
Figure D.1.
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ited spectrum as a feature at a frequency of 6q [57].

Measuring the interferogram in equal increments of dz allows for the use of the Fast
Fourier Transform (FFT) algorithm [64]. The FFT algorithm performs the computation of
the discrete Fourier transform of N data points on the order of Nlog, N operations requiring
at least one unique sampling of ZPD. Failure to properly sample ZPD results in unwanted
phase errors in the spectrum that can be fixed in post-processing through a measurement of

the interferogram that is symmetric about ZPD [57].

We have already considered the effects that a finite maximum OPD, L, has on the ILS in
the spectrum. As a consequence of performing the Fourier transform on a discrete signal,
independent spectral data points are spaced over a finite interval 8¢ = 1/(2L). Again we
see that the spectral resolution of an FTS instrument is improved by increasing the maxi-

mum possible OPD.

1.4 Conclusions

We have seen that progress in astronomy and astrophysics is limited by our ability to
observe the light from distant systems and analyze the information it contains. The cata-
loguing of astronomical observations has a long history and with each new generation of
observational instrument it has become important to extract as much useful data from their

observations as possible.

The field of FIR astronomy is uniquely equipped to study star formation in the ISM
and distant galaxies. FIR light provides us with a view of the cold dense regions of the
ISM where stars in their earliest stages can be observed. From FIR observations of distant

galaxies, which account for a significant portion of all the light in the Universe, we are able
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to measure a timeline of galaxies as they evolve. In spite of the promise of FIR observa-
tion, progress in FIR astronomy is limited by the optical sensitivity of the available detector
technology, the size and thermal properties of the associated instrumentation and optical

components, and the requirement to be outside of Earth’s atmosphere.

There exists a legacy of FIR and Infrared (IR) space observatories in which each gen-
eration builds on the successful technologies of past generations. Building on the legacy of
the IRAS, ISO, and Spizzer space telescopes, the Herschel space observatory and its instru-
ments provided the first unfettered access to the FIR Universe and was uniquely equipped

to further our understanding of star formation and galaxy evolution.

As the SPIRE instrument houses an FTS I briefly reviewed the basics of Fourier Trans-
form Spectroscopy and the requisite instrumentation. Fourier analysis provides a useful
method to describe the frequency spectrum of electromagnetic radiation and through FTS
instruments the important spectral information contained in the light emitted by a source
can be measured. Design limitations and digitization in FTS instruments have important
consequences on the Instrumental Line Shape (ILS) of spectral features measured by the
FTS which can make the extraction of spectral features difficult for those inexperienced
with FTS spectra. In order to aid astronomers working with SPIRE FTS spectra, the SPIRE
instrument team has developed an automated method of extracting prominent spectral fea-

tures from SPIRE FTS observations which is the subject of the following chapter.

The third and fourth chapters of this thesis present my largest contribution to the Her-
schel SPIRE FTS Spectral Feature Finder (FF) project. In the third chapter I introduce
and discuss the results of my work to identify the atomic/molecular energy transitions that
correspond to the spectral lines found by the FF in SPIRE FTS observations. The fourth

chapter presents the extension of the FF to include the spectral observations of off-axis
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detectors from the SPIRE FTS in sparsely sampled single-pointing observations and dis-
cusses these results. In the fifth chapter I summarize the content of this thesis and discuss
the possibilities of future work that build on what has been discussed. A brief discussion of
the future of space-based FIR observatories as a whole is also included in the fifth and final

chapter.

This thesis contains appendices that contain large tables, figures, and supplementary
material that would upset the flow of the chapters. A full list of the spectral features, their
rest frequencies, upper state energies, and Einstein A coefficients is presented in Appendix
A. The full results of the line identification routine, as introduced in Chapter 3, applied to
all sparse (central and off-axis detectors) and mapping observations is presented as a fig-
ure spanning multiple pages in Appendix B. An exemplary set of the FF off-axis postcards
introduced in Chapter 4 is presented and briefly discussed in Appendix C. Appendix D pro-
vides more complete derivations and simple proofs for some of the mathematical concepts

discussed in this thesis.
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Chapter 2

The Herschel Spectral and Photometric
Imaging Receiver Spectral Feature
Finder and Line Catalogue

Equipped with his five senses, man explores the Universe around him and calls

the adventure Science.
—Edwin Hubble (1929)

Today we live in an era of unprecedented coverage of the night sky at multiple wave-
lengths. In Chapter 1 we have discussed the legacy of progressively longer duration space-
based Far-Infrared (FIR) telescope missions. Starting with the short 10 month Infrared
Astronomical Satellite (IRAS) mission, some 270 000 Infrared (IR)/FIR sources were ob-
served. Since then, more observations have been taken of several more sources with greater
detail and resolution. Figure 2.1 shows the sky coordinates of the 996 Herschel-Spectral
and Photometric Imaging Receiver (SPIRE) Fourier Transform Spectrometer (FTS) High
Resolution (HR) observations that are publicly available today through the Herschel Sci-
ence Archive (HSA). Single-pointing sparsely sampled observations are marked in blue
while mapping observations are marked in magenta (see Section 2.1.1). Observations with-
out reliable velocity estimates are marked with an ‘x’ (see Section 2.2.5). With this mod-
ern abundance of observational data, astronomers are now faced with a unique challenge:
which, in a multitude of observations, may have the information necessary to further their

investigation or improve their model.
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Figure 2.1: The sky coordinates of Herschel-SPIRE FTS observations. The background
image is a composite of the Planck map from the 857 GHz band (green) [65] and the Planck
map of the '2CO J = 2—1 galactic emission at 230.5 GHz [66] (red). Courtesy of Scott, J.
[67].

In this chapter, I will introduce the work of the SPIRE instrument team to provide a cat-
alogue of all the prominent spectral features contained in every publicly available SPIRE
FTS observation. I will begin with a brief overview of the technical design of the SPIRE
instrument before introducing the Herschel SPIRE FTS Spectral Feature Finder (FF) rou-
tine and the SPIRE Automated Feature Extraction Catalogue (SAFECAT). This chapter
also details my contributions to the FF project through the development of postcard figures
for mapping observation of the FTS and the validation of the velocity estimating routines

employed by the FF.

2.1 The Spectral and Photometric Imaging Receiver

One of the three focal-plane instruments onboard the Herschel Space Observatory [46]

is the Spectral and Photometric Imaging Receiver (SPIRE) [68] which consists of an imag-
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ing photometer and an imaging FTS. The SPIRE FTS employs a Mach-Zehnder (MZ) con-
figuration which allows for two separate inputs and outputs through the addition of a second
beamsplitter [69]. Figure 2.2 demonstrates the application of the MZ design to the SPIRE
FTS, the interferometer has two inputs both illuminating the first beamsplitter (BS 1). One
input is illuminated by light from the telescope and the sky while the other is illuminated
by the Spectrometer Calibrator (SCAL) [70] internal to the cryostat. SCAL is a thermal
source located at a pupil image that allows for the subtraction of background emission from
the telescope [70]. OPD (Az) is achieved as the Spectrometer Mirror Mechanism (SMEC)
containing a double rooftop mirror is scanned forward and backward at a constant speed.
It should be noted that movement of the SMEC, ¢, changes OPD by a factor of 4qg. The
second beamsplitter (BS 2) recombines both optical paths and sends light towards the two
outputs. At each output is a set of feedhorn coupled bolometer arrays that are arranged in
a hexagonal pattern and measure the interferogram (Figure 2.3). The two bolometer arrays
cover two overlapping wavelength/frequency bands, the Spectrometer Long Wavelength
Array (SLW) covers 303—-671 um and the Spectrometer Short Wavelength Array (SSW)
covers 194-313 um. The spectrometer also employs a sequence of metal mesh filters that

help define the SLW and SSW bands (not shown in Figure 2.2) [55, 71].

The spectrometer detector arrays provide simultaneous coverage of the full SPIRE band.
Figure 2.3 shows the positioning of the detectors in the hexagonal pattern. Detectors with
concentric on-sky positions are coloured in blue. The thick red circle demonstrates the
combined 2 arcminute unvignetted Field of View (FOV) (right panel). The SSWD5 and
SSWEF4 detectors (shaded in grey) are dead bolometers and are not used in science obser-

vations.
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Figure 2.2: The optical design of the SPIRE FTS. Original, Ade et al. [72, 73], adapted
from Hargrave, P. et al. [74].

2.1.1 Spectral and Photometric Imaging Receiver observations
The SPIRE FTS has three spectral sampling modes, two pointing modes, and three spa-
tial sampling modes. The following subsection contains a brief description of each. These

observational modes are summarized in Table 2.1.

The three spectral sampling modes are the High Resolution (HR), Medium Resolu-
tion (MR), and Low Resolution (LR) modes and each corresponds to different OPD scan
lengths of the SMEC which has a maximum mechanical scan length of 3.5cm [6]. LR
observations scan the SMEC symmetrically about Zero Path Difference (ZPD) over the
shortest distance of the three and are useful for making spectral continuum measurements
at a spectral resolution of 25 GHz. The medium resolution option was never used for scien-

tific observations and will not be discussed any further in this thesis. HR observations give
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TN

N N

Figure 2.3: A schematic view of both SPIRE FTS detector arrays and their overlap (right).
Each circle represents a detector feedhorn. Detector names are also shown. Adapted from
Valtchanov, 1. [6].

Table 2.1: Observational modes of the SPIRE FTS. Spatial sampling shows the beam
spacing between detectors in each array. The pointing and sampling modes required for an
observation to be considered sparse are bolded. For more details see the SPIRE observer’s
manual [6].

Pointing Mode: Single-Pointing Raster
Spatial sampling: Sparse Intermediate Full
(SLW, SSW) [arcseconds] (50.5, 32.5) (25.3,16.3) (12.7,8.1)
. Low Medium High
Spectral Resolution [GHz]:
pectral Resolution [GHz] (R~ 25) (Unused) (R~ 1.2)

the highest spectral resolution available through the SPIRE FTS, 1.2 GHz, and are most

useful for spectral surveys. The majority of my work pertains to HR observations.

The SPIRE FTS observations are classified into two categories, sparse observations
(non-raster observations with sparse spatial sampling), and mapping observations (any
other combination of pointing and spatial sampling modes). These two observation types

are defined by the pointing mode and the spatial sampling of a SPIRE FTS observation.

The two pointing modes of SPIRE are a single-pointing mode to measure spectra within

the instrument’s 2 arcminute FOV, and a scanning raster pattern. In the raster pointing
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mode, the telescope is pointed through various positions making a map that covers an area

greater than the instrument FOV [6].

The three spatial sampling options are sparse, intermediate, and full, and are achieved
with the SPIRE Beam Steering Mirror (BSM). The BSM is located in the optical path
before any incoming radiation is subdivided by further optics [6]. Sparse image sampling
does not involve any movement of the BSM during the observation and produces a single
footprint of the array at the output port and a spectrum for each of the hexagonally packed
detectors. The spacing between the centres of each of the detectors’ beams is 32.5 and
50.5 arcseconds in the SSW and SLW bands, respectively. Intermediate image sampling
involves the movement of the BSM through a 4-point low frequency jiggle pattern provid-
ing a centre beam spacing of 16.3 (SSW) and 25.3 (SLW) arcseconds. Full image sampling
moves the BSM through a 16-point jiggle resulting in a complete Nyquist sampling (1/2
beam spacing) of the observation. The beam spacing in the full map is 8.1 (SSW) and 12.7

(SLW) arcseconds. The footprint of each spatial sampling mode is shown in Figure 2.4.
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Figure 2.4: Footprints of the SSW detector array (green) and the SLW detector array (ma-
genta) in each image sampling mode. Circles correspond to the FWHM of each detector
beam. Adapted from Valtchanov, 1. [6].

Sparse observations are simply composed of a spectrum for each detector while map-

ping observations are more complex. Mapping observations are projected onto a regularly
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gridded hyperspectral cube that collects the individual spectra from each detector, BSM jig-
gle position, and raster point into a single list. The result is a two dimensional set of pixels,
or spaxels, that each contain a full spectrum. This hyperspectral cube has two spatial axes

(sky coordinates) and a depth axis in frequency space.

The flux calibration of sparse observations is divided into two categories based on two
key assumptions about the structure of the source in an observation. Extended source cal-
ibration, refers to the method used for a source that has uniformly extended emission over
the entirety of the beam of a given detector. Point source, calibration refers to the method
employed for a point-like emission centred on the optical axis. Observations processed
with the extended calibration result in a spectrum with surface brightness on the intensity
axis in units of flux density per steradian, Wm~2 sr~! Hz~!. The point source calibration
of an observation results in a spectrum with an intensity axis of flux density in Janskys
(10720 W m~2Hz ). The use of an incorrect flux calibration for a sparse SPIRE FTS ob-
servation is manifest by a discrepancy in flux measurements in the overlapping spectral
region of the SLW and SSW bands. It is possible for an observation to exist somewhere
between the two extreme geometric cases of point-like and extended sources, due to the
multi-moded frequency dependence of the SPIRE FTS beam (see Makiwa et al. [75]). Pro-
cessing routines detailed by Wu et al. are available to treat these semi-extended sources

[76].

We have already discussed that throughout a SPIRE observation the SMEC is scanned
forward and backward in order to modulate the interference signal on the detectors. A sin-
gle observation can employ multiple scans of the SMEC to obtain a time averaged spectrum
and interferogram. Owing to this mechanism it is convenient to express the integration time

of an observation as a number of repetitions, or full scans of the SMEC.
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Each SPIRE FTS observation is assigned an identification number (observation ID).
All Herschel scientific observations are publicly available through the Herschel Science
Archive (HSA)?. This web-based platform provides a complete archive of Herschel obser-
vations that can be searched based on sky coordinates, observation ID, or other keywords

listed in the meta data of each observation.

2.1.2 The Herschel Interactive Processing Environment

The Herschel Interactive Processing Environment (HIPE) is an open-source astronomy
data analysis package written in Java and Jython (a Java implementation of Python) pro-
viding users with access to routines, algorithms, and calibration products developed by the
Herschel scientific community as well as easy access to the HSA. HIPE is a completely
free software package and is available on multiple platforms [77]. HIPE is a script driven
development environment and includes several useful SPIRE FTS data processing tools
including, sparse and mapping observation processing pipelines, the semi-extended correc-
tion tool, the pointing offset correction tool, and the sparse background subtraction tool.
Many of the routines presented and discussed in this thesis were developed using the tools

available in HIPE

2.2 The Herschel Spectral and Photometric Imaging Receive Fourier

Transform Spectrometer Feature Finder
The Herschel SPIRE FTS Spectral Feature Finder (FF) is an automated process devel-
oped within the SPIRE instrument team that finds and fits significant spectral features in all
publicly available SPIRE FTS observations, and, where appropriate, provides spectral line

catalogue entries associated with the features found. Through the FF, the wealth of spectral

Zhttp://archives.esac.esa.int/hsa/whsa/
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data measured by the SPIRE FTS is more accessible to astronomers and provides a useful
data mining aid for the HSA. FF products provide a starting point in data analysis for quick
inspection of one or multiple SPIRE FTS observations and facilitate the search for spectral

features of interest across the entirety of SPIRE FTS observations [7].

2.2.1 My role in the Feature Finder

The FF is a collaborative work produced by researchers within the Herschel SPIRE in-
strument team. For the purposes of this thesis, it becomes important to define my personal
contributions to the project. Throughout my work on the FF project I have been involved in
testing the agreement between radial velocities measured by the FF and published results,
exploring modifications to FF velocity estimations for extragalactic targets, detailed anal-
ysis and literature review for niche-case observations, the development of postcard images

for mapping observations, and associated documentation for the SAFECAT webpages that

are hosted through the HSA.

Postcard images for each observation are displayed in SAFECAT to provide at-a-glance
summaries of the information contained in the associated observation catalogue entry. I
developed these postcards for SPIRE FT'S mapping observations (See Figure 2.5). The first
column contains the brightness of each spaxel integrated across the entire frequency band
from the SLW (top) and SSW (bottom) hyperspectral cubes. The brightest and dimmest
pixels from the SSW array are marked in magenta and green (respectively) as are their
complementary pixels in the SLW map. The second column shows the dimmest and bright-
est spectra as well as the spectra with the greatest number of lines extracted by the FF (red).
These spectra from the SLW array are shown in the top panel while those from the SSW
array are shown in the bottom panel. The continuum fit results are also shown by the dashed

black lines. The third column contains combined maps projecting the SLW cube onto the
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sky coordinate grid of the SSW cube, the number of lines found by the FF (top) and radial
velocity map (bottom) combine the lines found by the FF in the SSW array with its near-
est neighbouring SLW pixel. The pixel with the most lines found by the FF is outlined in
red with the outline of its corresponding SLW pixel for comparison. Green numbers are
placed over each pixel of the velocity map to indicate the number of '2CO features used in
measuring the radial velocity (see Section 2.2.5) with an ‘A’ denoting that all 10 in-band
rotational transitions were used. The ‘N’ character notes a pixel with a velocity estimate
obtained from the ionized nitrogen feature (see [78] and Section 2.2.5 for more details).
Spaxels with no reliable velocity estimate are left grey but are outlined in a green border to
differentiate them from empty pixels in the spectral cube. Since the vast majority of map-
ping observations have at least one spaxel with a reliable velocity estimate determined by
12CO features, velocities estimated from external sources are not used within the postcards

or FF catalogue for mapping observation (see Section 2.2.5).

The processes by which the FF extracts spectral features from SPIRE FTS observations
and the methods by which radial velocities are measured are described in the following

sections of this chapter.

My work on velocity verification was to compare the measurements from the '>2CO
routine (see Section 2.2.5) to values that have been previously published for the sources ob-
served by Herschel. These published radial velocity measurements are taken from the Set of
Identifications and Bibliography for Astronomical Data (SIMBAD) and NASA/IPAC Ex-
tragalactic Database (NED) as well as a list used internally by the Heterodyne Instrument
for the Far Infrared (HIFI) instrument team. These collections were queried for targets
within a 6 arcsecond radius of the SPIRE FTS central pointing. Queries from the SIMBAD

and NED databases were facilitated by the Astroquery® Python package [79]. FF velocity

3nttps://astroquery.readthedocs.io/en/latest/
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Figure 2.5: A sample mapping postcard from SAFECAT. The first column provides inten-
sity maps for the SLW (top) and SSW (bottom) arrays. The second column displays spectra
of interest including brightest spectra, dimmest spectra, and the spectra with the most lines
extracted by the FF for SLW (top) and SSW (bottom). The final column shows a map of
the number of identified spectral features (top) and associated radial velocities (bottom). A
more complete description of the contents is provided in the text.

measurements showed agreement with published values to within 25 km/s for over 90% of
the observations studied and to better than 10 km/s for the HIFI list [80]. For reference, the
HR frequency spacing of 1.2 GHz corresponds to ~ 580 km/s and ~ 306 km/s in the centre
of the SLW and SSW bands, respectively. This routine has since been further tested by

Scott et al. [78] on simulated spectra.

There exist some niche-case observations of the SPIRE FTS that can result in incorrect
velocity measurements that are considered confident by FF radial velocity flagging criteria.
I was responsible for investigating these cases. For high redshift galaxies, it is possible for
the C 11 2 P; /2 -2p /2 fine structure line (rest frequency 1900.5 GHz) to be frequency shifted

into the N 11 search window of the '>CO velocity routine (see Section 2.2.5) causing it to
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be falsely identified as this N 11 3P =3P feature (rest frequency 1461.1 GHz). A number of
radial velocity measurements for SPIRE FTS observations of galactic targets are reported
by Wilson et al. [81] which are sometimes used in place of FF estimates to remedy this

issue (and flagged accordingly).

Another peculiar observation resulting in an incorrect velocity measurement is that of
the Hydrogen recombination maser and laser source, MWC 349 [82, 83]. The postcard of
this observation is shown in Figure 2.6. In this observation, the strong H-ot recombination
lasers are mistakenly taken to be '>CO features by the '2CO velocity routine. This erro-
neous identification of CO features results in a much larger radial velocity measurement
than the actual 14 +5 km/s (measured from H-o and H-3 recombination lines detected by

the FF).

MWC349 Observation ID 1342221684; (6/8)
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Figure 2.6: The sparse SAFECAT postcard for an observation of MWC 349 demonstrating
strong hydrogen infrared laser lines. Vertical grey lines mark the rest frequencies of in band
12CO rotational transitions.
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My most substantial additions to the FF involve the identification of the spectral signa-
tures from FF extracted lines and the extension of the FF routine to the off-axis detectors
in sparse observations. The identification of FF extracted lines is the subject of Chapter 3,

and the extension of the FF routine to the off-axis detectors is detailed in Chapter 4.

2.2.2 Routine inputs

The FF script is designed to work on an FTS spectrum from either SLW or SSW arrays
from standard pipeline processed observations from the HSA. This pipeline was developed
by Fulton et al. [84] and performs necessary calibrations and corrections to determine the
optical spectrum of a source from the interferogram that is measured by the bolometers.
The full pipeline process is readily available in HIPE as a Jython script. Input products for
the FF are processed by the pipeline with HIPE version 15 and the SPIRE calibration tree,

spire_cal_14_3. Unapodized spectra are used in the FF.

For HR sparse observations, the FF processes only the central detector of each array
(SLWC3 and SSWD4) since most observations of this nature are of point-like sources or
sources with little spatial extent. The application of the FF to the off-axis detectors in sparse
observations is the subject of Chapter 4. For HR Mapping observations, the FF is run on
every spaxel in both SLW and SSW hyper-spectral cubes excluding spaxels in the cube
that do not correspond to measured spectra. These spaxels without a spectral measurement
are assigned not-a-number (NaN) values when the cube is generated. The FF routine is
applied to LR observations following the same sparse and mapping protocols as the HR
observations, only the iterative line fitting loop is skipped and only continuum parameters

are extracted.

For some SPIRE FTS observations, including observing calibration sources for SPIRE,

there exists data products that have received greater attention by experts within the in-
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strument team [85]. Some of these products are available as Highly Processed Data Prod-
uct (HPDP) that are available through the Herschel Science Centre*. These HPDPs are used
in the FF for HR sparse mode observations when they are available. The improvements in
the HPDPs include a correction for semi-extended sources using the Semi-Extended Cor-
rection tool in HIPE, subtraction of high background emission using the measurements
from the off-axis detectors, and/or a pointing offset correction (for a subset of the calibra-
tion targets). This background subtraction is different than the removal of the telescope
emission which is done for all SPIRE FTS observations [6]. A full description of the cor-
rections for semi-extended sources and pointing offsets can be found in Wu et al. [76] and

Valtchanov et al. [86], respectively.

For extended and semi-extended sources the FF was run with both the point source and
the extended source calibration data products. The SPIRE beam diameter is frequency de-
pendent [75], sometimes making it difficult to determine which calibration scheme would
provide the better FF result. Correcting for semi-extended sources and determining the
proper calibration for ambiguous cases was considered to be beyond the scope of the auto-
mated feature finder and thus is not described here. The summary of observational inputs
to the feature finder from the entire HSA is summarized in Table 2.2. It should be noted
that the use of both calibration scheme products for extended and semi-extended sources
results in a double counting of products processed by the FF for some observations. This

can be seen in Table 2.2.

2.2.3 Feature Finder routine overview
The Spectral Feature Finder is a scripted program developed in HIPE, version 15, which
makes use of several tools contained within the processing environment. Figure 2.7 sum-

marizes the entirety of the FF routine. The routine was developed to process a large number

4https ://www.cosmos.esa.int/web/herschel/highly-processed-data-products
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Table 2.2: Observational inputs to the FF.

Observation/Product Classification — Quantity

Sparse HR Total: 818
Point Source 471
Extended Source 147
Semi-Extended 250
HPDP 164
Background Subtracted 86
Mapping HR Total: 180
Sparse LR Total: 293
Mapping LR Total: 106

of observations automatically while having sufficient flexibility to produce reliable results
for the diverse observing modes and observation targets. A more detailed description of the

routine can be found in Hopwood et al. [7].

Initial fit to the continuum

Before any attempt is made to search for spectral features, the FF fits a polynomial to the
continuum. This step is shown by the first orange box in Figure 2.7. All significant features
in the spectrum are masked. A “difference spectrum”, AS(v;), is generated by taking the
difference between adjacent flux values in a subsampled spectrum, S(v;), AS(v;) = S(v;) —
S(vi—1). Any discrete jump in AS(Vv;) that is greater than 3.5 times the root mean square
(rms) of the difference spectrum is considered to be a strong peak in the original spectrum
and is masked out. The original spectrum is then fit with a 3™ order polynomial for an HR
spectrum or a 2™ order polynomial for an LR spectrum to obtain a continuum model. The
resulting best fit continuum model is used as a base for all further spectral feature finding

within an observation.

Fitting spectral features
At this point the FF has both the input spectrum, S(v;), and modelled continuum, C(Vv;),

available to it as the total model, M7 (v;). The process that finds spectral features iterates
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Figure 2.7: The FF flowchart, which demonstrates the main steps of the routine. Developed
by Hopwood et al. [7]. A detailed description of the chart is in the text of this chapter and

[7].
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over a set of decreasing SNR thresholds. This process is represented by the “Loop over
SNR thresholds” section of Figure 2.7. The FF employs positive SNRs with negative SNRs
as a construct to treat absorption features which have a negative amplitude. The routine first
does a positive pass looking for features greater than the SNR thresholds (emission features)
then a pass looking for features below the negative of the SNR thresholds (absorption fea-
tures). Newly fit spectral features are aggregated to the total model as the routine iterates.

A description of the routine is given as follows:

1. The continuum model is subtracted from the input spectrum and the input spectrum
is then divided by the error spectrum, calculated by the SPIRE FTS pipeline, 6S(v;),

in order to obtain a SNR spectrum.

S(vi) —C(vi)
S Vi) = —F—— 2.1
2. Regions where Sgnr is greater than the iteration threshold are located. The peaks are
determined by merging together all peaks in the SNR spectrum within a window that

is 10 GHz wide per peak. Multiple peaks that are merged together in this way are

considered to pertain to a single spectral feature.

3. A sinc profile is added to the total model, M7 (v;) (which only includes the contin-
uum for the first iteration over SNR thresholds). The width of each sinc function
is kept fixed at 1.2/t GHz since the majority of spectral features in SPIRE FTS HR

observations are unresolved (their width is determined only by the ILS) [7].

4. A global fit is performed. The full model containing all spectral features and the con-
tinuum model is matched to the input spectrum using a Levenberg-Marquadt least
squares fit [87]. Checks are performed to remove features that are likely to be spuri-

ous detections. These are detailed in Hopwood et al. [7].
5. At this point, multiple sinc functions may have been fit to partially resolved lines. A
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check is performed to reduce the number of multi-sinc fits to these lines [7].

6. The remaining features are assumed to be valid with a stable fitted central frequency.
A restriction is imposed to limit all fitted sinc functions to remain within 2 GHz of

this initial fitted frequency value.
7. With spurious features removed, the global fit is repeated.

(a) If the fit succeeds, new features are added to the list of detected features and they
are removed from the residual spectrum for following iterations. The frequency
width of the mask depends on the SNR threshold and no new features that fall

within a previously masked frequency region are accepted.

(b) If the fit fails, all new features from this iteration are removed and results from
the previous iterations remain unchanged for the next iteration at a lower SNR

threshold.

8. The residual, R(Vv;), between the full model, M7 (Vv;), and the original spectrum is
calculated, R(v;) = S(v;) — Mr(v;). This residual is used to search for new peaks in
the next iteration, however, the fitting of spectral features is always performed on the

original spectrum.

9. Once the loop has cycled through emission features (positive amplitude) down to the
lowest SNR threshold, the loop is then repeated searching for absorption features
(negative amplitude). By definition absorption features have negative SNRs so the
threshold is performed on the absolute negative of the SNR thresholds, in decreasing

magnitude.

Frequency masking
A spectral frequency mask centered on a detected feature is used to lesson the number

of spurious detections that may occur in the wings of another feature. This mask is built
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upon and updated after each iteration and its width depends on the SNR threshold. These
widths were determined by the expected amplitudes of side lobes in a pure sinc function [7]
and a few additional considerations. There is a known asymmetry in the ILS of the SPIRE
FTS [60] that deviates the line from the ideal sinc function (see Section 1.3.3) which can
result in a small misalignment between the spectral feature and the best-fit model. The
velocity dispersion of a source [1] and the noise spectrum of the observation may also
cause a broadening in the spectral features in an observation. The known asymmetry and
broadening effects can result in prominent spectral residuals in the wings of fitted spectral
features [85] which must be understood and managed when determining mask widths. The
chosen mask widths are displayed in Table 2.3. Note that in order to avoid false detections

in the FF, the -5 and -3 SNR thresholds are omitted when searching for absorption features.

Table 2.3: The iterative SNR thresholds.

Iteration Mask Width
Number SNR threshold (GHz]

1 +100 8

2 +50 8

3 +30 5

4 +10 4

5 5 2

6 3 2

Limiting spectral feature drift and spurious feature removal

The FF uses masks to set forbidden frequency regimes around each spectral feature and
at the edge of the SPIRE detector bands where sensitivity is decreased. These masks do
not prevent features from wandering into forbidden regions during the global least squares
fitting process and it is possible to end up fitting unwanted side-lobes or noise features. A
number of checks are performed after the first global fit in each iteration for new features

found to remove those that are likely spurious detections [7].
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Estimation of the final SNR

The final residual after the execution of the main loop is used to determine the final
reported SNR of each feature. The SNR is calculated as the ratio between the fitted ampli-
tude, A ¢, and the standard deviation of the residual spectrum 64, SNR =A/064. A spectral
region in the neighbourhood of the feature is used to determine G4 after a localized base-
line subtraction is performed. In order to avoid false positives, features of an absolute SNR

below 5 are not reported by the FF.

Neutral Carbon Check

In order to disentangle the neighbouring >?CO(7-6) transition and C 1 3P,—P; feature
at rest frequencies 806.7 GHz and 809.3 GHz, respectively, a neutral carbon check routine
is employed (Scott et al. [88]). This method assumes that both features are coupled in ap-
proximately the same radial velocity frame giving a 2.69 GHz separation between the two
features (rest frame). This separation, is dependent on the radial velocity of the source (see
Section 2.2.5). A C1 feature is added to the FF result if it is identified by this check and is

flagged accordingly.

2.2.4 Confidence flagging

A quality metric is reported with each feature found by the FF routine. The associated
confidence flags are a combination of a goodness of fit parameter and a total fit evaluation
parameter. The > parameter is often used as a fit metric but is only appropriate when the
noise of the data is Gaussian in nature. SPIRE FTS data has several incidences of system-
atic noise from telescope and instrument emission. This noise coupled with the ringing of
spectral features themselves (i.e., the sidelobes of the sinc functions) make %> inappropri-
ate as an effective goodness of fit metric. Hopwood et al. [7] describes the formulation of

different goodness of fit metrics that are employed by the FF in place of x>.
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By considering the SPIRE FTS sensitivity and continuum offset error in conjunction
with spurious detection in repeated observations of SPIRE FTS featureless calibration sources,
“noisy” regions in the frequency range of both the SLW and SSW bands were determined.
The noisy regions are defined to be at frequencies < 608.6 GHz and > 944.0 GHz for SLW,
and < 1017.8 GHz and > 1504.7 GHz for SSW. The defined noisy regions in conjunction
with the goodness of fit parameters make the basis for the FF flags assigned to each fitted
feature. These combined flags are presented in Table 2.4.

b

Table 2.4: Flags used in Feature Finder products. For each velocity flag a *?
to denote a velocity estimate that is not confident when appropriate.

is appended

Fitted Feature Flags Radial Velocity Flags
Flag Decription Flag Description
0.0  Good fit in a lower noise region FF(?) Determined by 12CO
0.1 Good fit in a noisy region XCORR(?) Determind by Cross Correlation
1.0  Poor fit in a lower noise region S? Value from SIMBAD used [89]
1.1 Poor fit in a noisy region. H? Value from HIFI list used

W17 Determined by Wilson et al. [81]

2.2.5 Velocity Estimates

The spectrum of a source moving with some velocity with respect to the observer ex-
periences a Doppler shift in frequency space. The convention used for this Doppler shift in

the FF is as follows:

Vead = (:’/—" _ 1) c=zc [km/s], 2.2)

0
where vy,q is the velocity of the object parallel to the observer’s line of sight. v, is the
frequency of the emitted radiation, Vv, is the frequency measured by the observer, and c is
the vacuum speed of light in km/s. The unitless parameter z is known as the red-shift and
is often used as a metric for how much an object is receding from the observer. Note that
motion away from the observer is taken to be positive, this is in large part due to Hubble’s
observation of the expanding Universe mentioned in the previous chapter [24]. By a large

margin, most astronomical objects are moving away from us, shifting their light to lower,
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or redder, frequencies. It also appears that in almost every case the further away from us an
astronomical source is, the faster this object is receding. By measuring the Doppler shift
in spectral line frequencies from their rest frequency we obtain a method to determine the

radial velocity of the source.

The FF routine employs two analytical methods for determining radial velocity in SPIRE
FTS observations, both of which are characterized by Scott. et al. [78]. The first method,
referred to as the '2CO method, makes use of the rotational ladder of '2CO that occurs
within the SPIRE bands for sources with '>CO rotational features. The frequency dif-
ferences between spectral features extracted by the FF are compared to the characteristic
spacing between '2CO transitions. This process is iteratively repeated for a variety of ra-
dial velocities which will either stretch (blueshifted) or compress (redshifted) the spacing
between the rotational transitions. Figure 2.8 demonstrates the frequency shift experienced
by a simulated spectrum of '>CO features at a radial velocity of 10000 km/s. Note that the
shift towards the left experienced by each feature is dependent on its rest frequency thereby
changing the nominal spacing between features. The velocity that provides the maximal
number of features with a spacing equal to the expected spacing between '>CO transitions
is then taken to be the radial velocity of an observation. This routine also checks for strong
emission within the neighbourhood of the N 11 3P; —3 Py fine structure line (rest frequency
1641.1 GHz) that is commonly found in SPIRE FTS observations, and uses the shift of the
strongest feature in the search region from the N II rest frequency to obtain a velocity esti-
mate. This N 11 check is used when a reliable velocity estimate from the '2CO features is not
obtained. This >CO method has been shown to be highly effective and requires minimal
processing. [78]. Observations with radial velocity estimates determined by this method
are flagged with either of the “FF” or “FF?” radial velocity flags denoting a confident or

less confident result from the routine, respectively.
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Figure 2.8: The Doppler shift experienced by a simulated spectrum of '>CO features at a
radial velocity of 10000 km/s.

The second analytical method for determining radial velocity employs a template spec-
trum of molecular and atomic fine structure lines that commonly occur in FIR observations
within the SPIRE bands. The full extent of the template spectral line list is discussed in
Chapter 3. The radial velocity estimate is obtained by generating an “idealized” spectrum
of delta functions centred at the line frequencies of features detected by the FF that are not
considered to be a poor fit in a noisy region (FF Flag 1.1) and have a [SNR| > 10, F(v;).
This spectrum is then compared to the template spectrum, 7'(Vv;) at different radial veloci-
ties. The ideal spectrum is frequency shifted through a —100 to +1400 km/s radial velocity
range in steps of 20 km/s with the new frequency axis at each velocity, v,, being calculated
as,

(= (1+)vi. [oHz] (2.3)

Note that in Equation 2.3 the observed lines by the SPIRE FTS at a lower frequency (red-

shifted) are being blueshifted back to their rest frequency. With the shifted spectrum, the
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cross-correlation at any given velocity is,

1 N
C(v) chTNZ; (2.4)

where 6 and O7 are the standard deviations of the spectrum and template, respectively, and
N is the number of samples in the frequency grid of both template and spectra. The velocity
that maximizes the cross-correlation function provides the radial velocity estimate for the
observation that is included in SAFECAT, noting that not all atmoic/molecular species are
expected to co-exist within the same radial velocity frame. As with the other FF products,
this estimate is intended as a starting point for further study. The cross-correlation function,
C(v), is sensitive to equally spaced features such as the '>CO rotational ladder that cause
degenerate peaks. In order to combat this issue, the velocity of the five most prominent
maxima in C(v) are used for an initial line identification matching features identified by the
FF to the template. The velocity of the peak that provides the greatest number of matches to
the template is considered to be the radial velocity of the source. When no reliable velocity
estimate is obtained from the cross-correlation and line matching, a check for the N 11 fea-
ture in SSW spectra and '2CO(7-6) feature in SLW spectra similar to the N I check in the
12CO method is used. These features are used since they are assumed to be the brightest

features within SPIRE FTS observations containing few spectral features.

Figure 2.9 demonstrates the cross correlation between the template and the line spec-
trum of extracted features from a SPIRE FTS observation. The most prominent peaks in the
cross-correlation function are shown by red ‘x” markers. The strongest peak corresponds
to a velocity of -60 km/s where all 16 lines extracted by the FF are successfully matched
to template lines. Observations with radial velocities determined by this cross-correlation
method are assigned either the “XCORR” or “XCORR?” radial velocity flag. Again the ‘7’
denotes a less confident result from the routine. Due to the higher processing requirements

of this routine, it was only used for sparse observations.
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Figure 2.9: The cross correlation between Feature Finder extracted features and the tem-
plate.

On the occasion that no radial velocity can be obtained with either the '>CO or cross-
correlation methods, a value provided from a list of velocity estimates from the Heterodyne
Instrument for the Far Infrared (HIFI) instrument team is used instead. The HIFI list of
radial velocities is a collection of targets and corresponding radial velocities used internally
by the HIFI team (Lisa Benamati, private communication). The CO and cross-correlation
methods have been compared to the HIFI provided values for sources where an estimate
from both are available and show excellent agreement: either the difference is less than 20
km/s or the fractional difference is within 20% if the velocity estimate is > 100 km/s [78].

Observations with a radial velocity reported from the HIFI list are flagged ‘H?’.

Many sources observed by the SPIRE FTS have documented radial velocities obtained
from measurements with other telescopes. Many of these measurements can be found in
online databases such as the NED [90] and SIMBAD [89] and can be easily accessed in

bulk through the python package Astroquery [79]. Each of these databases were queried
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for objects within 6 arcseconds of the SPIRE central pointing for each observation when no
better velocity estimate was obtained. From the queried radial velocities, the closest target
to the SPIRE FTS pointing is chosen and reported in the FF with a ‘S?’ radial velocity flag.
It is important to note that observations of SPIRE FTS targets by other instruments at differ-
ent wavelengths may not necessarily probe the same objects. Reported radial velocities that
are not determined from SPIRE FTS observations (e.g., radial velocities from SIMBAD,

NED, or the HIFI list) are never considered confident and have a ‘?’ character in their flag.

Another source of radial velocity estimates used in the FF comes from the work of
Wilson et al. [81]. This work contains radial velocity measurements for 207 extragalactic
targets measured in SPIRE FTS observations. The radial velocity measurements presented
in this work are sometimes used for objects that are within 6 arcseconds of the SPIRE cen-
tral pointing. When the radial velocity measurement recorded in the feature finder is from
this source it is given the “W17” flag. A summary of all the velocity flags employed by the

FF is provided in Table 2.4.

2.2.6 The Spectral and Photometric Imaging Receive Automated Feature Extraction
Catalogue

Significant features measured by the SPIRE FTS extracted by the FF are combined into
the the SPIRE Automated Feature Extraction Catalogue (SAFECAT)°. The catalogue con-
tains a row entry for every feature extracted by the FF with absolute SNR greater than 5
and includes all sparse (point and extended-source calibrations) and mapping observations
in its current release. The columns of SAFECAT provide information about the observa-
tion itself and the results from the FF. Observational information contains columns with the
observation identifier (Obs. ID), operation date, observing mode (single-pointing, raster),

appropriate calibration (point or extended-source), spatial sampling mode (sparse, inter-

Shttps://www.cosmos.esa.int/web/herschel/spire-spectral-feature-catalogue
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mediate, or full), whether an HPDP has been used, the detector the spectral feature was
detected in, the row and column of corresponding spaxel (-1 for sparse observations), and
the sky coordinates of the spaxel (mapping) or nominal pointing (sparse). Results from the
FF are presented in columns that contain the fitted feature frequency and associated error,
SNR of the fitted peaks to local noise in the full residual (of the total model), the FF flag,
the velocity estimate and associated error, the velocity flag indicating which method was
used, and a neutral carbon flag indicating features that were detected or modified by the

neutral carbon check routine.

In total SAFECAT contains 167 735 spectral features from 1 159 SPIRE FTS observa-
tions [7]. A more detailed breakdown of these features is shown in Table 2.5 showing the
number of observations divided amongst pointing modes and spatial sampling (first row).

The final two rows demonstrate the number of lines broken into the same categories.

Table 2.5: The number of features detected by the Feature Finder broken down into various
categories.

Mapping Sparse
Point | Extended/Semi-Extended
Observations 178 818 388
SLW lines 67397 | 6262 2486
SSW lines 84344 | 5566 11470

2.3 Conclusions

In this Chapter, the Herschel-SPIRE instrument has been introduced and we have de-
scribed the optical design of its FTS. Over its mission, the SPIRE FTS underwent 996
unique publicly available spectral observations that contain a wealth of spectral lines. The
FF provides a useful data-mining aid for astronomers to search through SPIRE FTS obser-

vations in bulk and it provides a powerful starting point for further analysis.
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The technical details concerning SPIRE and the FF necessary to provide context for the
remaining chapters of this thesis have also been presented in this chapter. As we continue
our discussion it is my hope that the reader will learn more about the unique ways in which
the SPIRE FTS is able to accomplish the scientific goals of FIR astronomy described in
Chapter 1 and how the FF is an important archival tool for astronomers looking to SPIRE

FTS data to further our understanding in the field.

The FF provides astronomers with the frequency, SNR of prominent spectral features
(ISNR| > 5), and internal flagging conventions (Table 2.4). The FF also provides radial
velocity estimates for SPIRE FTS observations. Radial velocity is measured using either a
routine that makes use of the characteristic spacing between all 10 in-band '2CO rotational
transitions or the cross correlation between FF extracted lines and a template of spectral
features that are commonly found in SPIRE observations. Both routines are introduced in

this chapter.

Throughout my studies, I have had the opportunity to assist in the development of the
FF that will be discussed throughout this thesis. I have contributed to the development of
FF postcards for mapping observations, the validation of the '>CO radial velocity estimat-
ing routine, and studied outlying problem cases for the velocity estimate routines. These
mapping postcards provide a summary of the information extracted by the FF including a
velocity map of the source measured by the !2CO rotational ladder in observations where it
is evident. My largest contributions to the project are the subjects of the following chapters

in this thesis.
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Chapter 3

Line Identification with the SPIRE
Spectral Feature Finder

In every branch of knowledge the progress is proportional to the amount of

facts on which to build, and therefore to the facility of obtaining data.
—James Clerk Maxwell (1851)

In Chapter 2, I reviewed the bulk of the Herschel SPIRE FTS Spectral Feature Finder
(FF) routine and my contributions to the project. In this chapter, I will describe the methods
I used to identify the atomic/molecular species and energy state transitions that correspond
to the spectral features extracted by the FF routine. Through this work, the SPIRE Au-
tomated Feature Extraction Catalogue (SAFECAT) will not only provide the frequencies
and Signal to Noise Ratios (SNRs) of significant spectral features but also provide initial
information concerning the atomic/molecular composition. The line identification is the
final step in the FF’s goal of providing an accessible data mining aid for the Herschel Sci-
ence Archive (HSA) by including a list of the atomic and molecular features that occur in
an observation. Line identification comprises the final stage of generating products to be
included in SAFECAT and is represented by the final grey box in the FF flowchart (See
Figure 2.7). This chapter discusses the formulation of a template of spectral lines that com-
monly occur in Far-Infrared (FIR) observations, the matching of that template to the output
of the main FF execution, and how the line identification is used to search for low SNR
lines that the FF may have missed and have thus not been included in the catalogue. The

effectiveness and utility of this routine is also discussed.
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3.1 Template

The SPIRE instrument team has developed a template of 307 molecular and atomic fine
structure lines based on 15 atomic/molecular species that are commonly found in SPIRE
FTS observations. This template is used to identify the atomic/molecular species of each
spectral feature extracted by the FF. The template is predominantly composed of spec-
tral features from the Centre d’ Analyse Scientifique de Spectres Instrumentaux et Synthé-
tiques (CASSIS) software [91] (http://cassis.irap.omp.eu/?page=presentation),
a collaborative work from the Heterodyne Instrument for the Far Infrared (HIFI) and SPIRE
teams. Also included in the template are a number of spectral features from the FF team
that are often found in SPIRE FTS spectra. The template makes use of the publicly avail-
able information contained in the following spectral databases: the National Institute of
Standards and Technology (NIST)/Lovas Atomic/molecular Spectra Database [92, 93], the
Cologne Database for Molecular Spectroscopy (CDMS) [94], and the NASA Jet Propulsion
Laboratory (JPL) sub-millimetre, millimetre and microwave spectral line catalogue [95].
Quick access to these catalogues was aided by the National Radio Astronomy Observa-
tory (NRAO) developed online tool, Splatalogue [96]. The atoms and molecules contained
in the catalogue are summarized in Table 3.1 and a full list of the spectral information in the
template can be found in Appendix A. The types of spectral features described in the table
describe the transition between energy states that give rise to the feature. Vibro-rotational
refers to molecules that have rotational features included in the template from multiple vi-
brational bands. In this thesis, fine structure lines refer to spectral features that result from

the splitting of an energy state due to electron and/or nuclear spin orientations [97].

A visual representation of the template is shown in Figure 3.1. All lines occur at FIR

wavelengths and the false colour scale is chosen so that the most red line is the lowest
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Table 3.1: Summary of the template used in line identification. The full list including rest
frequencies can be found in Appendix A.

Molecule/Atom Type Lines Molecule/Atom Type Lines
CI Fine Structure 2 B¢cl7o Rotational 4
Cn Fine Structure 1 3¢ Rotational 2
N11 Fine Structure 1 NoH™ Rotational 7
CH* Rotational 2 HCO™ Rotational 9
p-H,0 Rotational 9 H3CO* Rotational 5
o-H,0 Rotational 10 HC!80* Rotational 1
HDO Rotational 1 p-H,CO Rotational 35
H,'80 Rotational 2 0-H,CO Rotational 40
HCN Vibro-Rotational 23 p-HoS Rotational 7
H3CN Vibro-Rotational 14 o-H,S Rotational 13
HNC Rotational 8 CS Vibro-Rotational 19
(6[0) Rotational 13 13¢s Vibro-Rotational 12
Bco Rotational 14 SiO Vibro-Rotational 19
c'70 Rotational 9 SO Rotational 15
Cc'80 Rotational 10

frequency and the most violet is the highest frequency.

The line identification routine is applied to all High Resolution (HR) SPIRE FTS ob-
servations that have lines identified by the FF and have a reported radial velocity estimate.
The template is matched to the features extracted by the FF routine by first shifting the
frequencies of the FF features to the rest frame (Equation 2.2), then all template lines that
are within 0.3 GHz (1/4 the resolution of an HR observation) of a FF feature are matched
to that feature. When multiple template features are matched to a single FF extracted line
each is differentiated by a letter flag ranging from a—z and the most likely candidate of the

features is marked with an asterisk.

In order to determine the most likely candidate, a check against all other identified
features is performed. Consider two states of an atom or molecule, m and n; this pair of

states could be electronic, rotational, or vibrational and the transition between them results
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Wavelength [um]
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Figure 3.1: The template line list used for line identification. The template contains a
combination of 307 molecular and atomic fine structure spectral features at their rest frame
frequencies.

in an observed spectral line. The intensity of a spectral line depends on the population of the
lower state of a transition [97]. Under Local Thermodynamic Equilibrium (LTE) conditions

the population of these states, N, and N,, are governed by a Boltzmann distribution [14, 97],

& _ g_ne—AE/kT’ (3.1)
Nn  &m
where T is the excitation temperature that governs the population of states, and g, and g,
are the degeneracy of the n and m states, respectively. In Equation 3.1, AE is the energy
from the transition of states, AE = hv, where & is Planck’s constant and v is the rest fre-
quency of the associated radiation. This relationship is shown for the first 70 rotational
states of CO at 5 and 30K in Figure 3.2. The relationship between energy states shows
us that, under LTE conditions, closely spaced spectral lines pertaining to a single atom or
molecule have similar intensities. Many emission lines from interstellar molecules arise
from systems that are not under LTE [14], but it is useful to assume that when spectral fea-

tures from a particular atom/molecule are found in a spectrum, other features pertaining to
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that same atom/molecule that are within the spectrometer band, and LTE regime, are likely
to be present as well. In order to flag the most likely candidate when multiple template lines
are matched to a single FF line, the full FF output is checked for other possible instances
of lines that correspond to the same atom/molecule as that species. The atomic/molecular
candidate with the most other lines present in the spectrum is chosen as the most likely
candidate and is marked with an asterisk. If multiple candidates have the same number of

occurrences, both are marked with an asterisk.

Frequency [GHz]
115.3 2413.9 4675.7 6865.8

254

= [
w o
L L

Relative Intensity

*.
0 0000000000 00000004000 00000 4000400

0 10 20 30 40 50 60 70

J

Figure 3.2: The intensity, relative to the ground state, of rotational transitions of CO at 5 and
30K, assuming LTE (see Equation 3.1). The frequency of spectral features transitioning to
the lower state are shown by the top horizontal axis.

The line identification routine outputs the following column entries for each spectral
feature found by the FF in addition to those already contained in SAFECAT (See Chapter
2):

* the frequency of the spectral line found by the FF shifted to rest frame based on the

radial velocity estimate,
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* the rest frame frequency of the template line matched to the feature from the FF,
* the molecular or atomic species of the matched template line,
* the quantum numbers associated with the template line, and

» a comment flag; when multiple template features are associated with a single FF each

is assigned a letter from a-z.

3.1.1 Template notation

In this thesis, there are a variety of different quantum numbers used to distinguish spec-
tral features. The conventions used are similar to CDMS and NIST with a few modifica-
tions. Atomic and molecular names follow standard convention where isotope numbers
are denoted by preceding superscripts and the number of a particular atom contained in a
molecule is marked by a subscript. For fine structure lines, the ionization level of the atom
is marked with Roman numerals, with I denoting a neutral atom, e.g., N II represents the
first ionization level of Nitrogen for a fine structure line [14]. The following conventions

for quantum numbers are used:

 for molecules in which the vibrational band is not explicitly stated (denoted by the

vibrational quantum number, v [97]) it is zero (e.g., p-H20);

* vibrational bands can be denoted with a range (e.g., v=0-4) signifying that a rotational
transition occurs at a single vibrational band within that range (e.g., Si0, v=0-10 121

— 111 at 517.2597 GHz is from the first vibrational band: SiO, v=1 121 -111);

e quantum numbers of the format, J'(K',,K'.)-J(K,,K.), as in water molecules, are
arranged such that J is the total angular momentum quantum number while K, and K,
are the limiting prolate and limiting oblate case quantum numbers for the projection

of total angular momentum along the axis of symmetry (e.g., p-H20, 6(2,4)-7(1,7));
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* quantum numbers containing a transition of a single number to another single number
(e.g., J'-J), are rotational transitions with the number, J, representing the total angular

momentum quantum number [14] (e.g., CO, v=0 4-3);

¢ quantum numbers of the format, J' F' — J F, indicate J as the total angular momentum
quantum number and F as the total angular momentum quantum number including

nuclear spin [97] (e.g., Si0, v=0-1012 1 -11 1).

The fine structure transitions included in the template arise from spin-orbit coupling
[97] and are described by the quantum numbers S, L, and J. The variable S describes the

coupling of the spin angular momenta, s;, for all electrons in the atom,

N
S = ZSZ', (3~2)

and L describes coupling of the orbital angular momenta, /;, of all electrons in the atom,

L=Y1. (33)

i

where J=L+-S is the total angular momentum of the state [97, 67]. Rather than represent
L as a number, it is fairly common in spectroscopic notation to instead use a letter, where
L=0,1,2,3,4,5,... is noted L=S,P,D,F, G, H,...[97]. Fine structure transitions in this
thesis follow the notation, (ZS/+1)L3/—(2S+1)LJ. This notation is best seen in an example.
The electronic configuration of carbon is 15°2s*2p* (where lower case letters follow the
same convention for / as the upper case letters) only the electrons in the 2p shell need to be
considered since s shells correspond to an orbital angular momentum of zero. Each of the
two electrons in the p shell have orbital angular momenta /1 = [, = 1. Accounting for their
magnetic quantum number, L. can take 3 possible values 2 (D), 1 (P), or O (S) [67]. The

spin orientations of these two electrons are either parallel, S=1, or antiparallel S=0. The 3P
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state is triplet with fine structure states denoted 3Py, 3Py, and 3P, corresponding to J=0, 1,2.
The 3P; Py and 3P,—3P; transitions occur in the SPIRE FTS band and are included in the

template [22].

For convenience in figures, quantum numbers are separated from their atom by square
braces e.g., H O [4(3,2)-3(3,2)]. Superscripts and subscripts for the quantum numbers are
also foregone in figures (e.g., >P; is instead written 3P2). Fine structure lines are commonly
denoted with square braces around the atom, e.g., [N 11]; in this thesis they are omitted since
square braces are instead used to separate atom/molecular species from quantum numbers

in figures.

3.1.2 Scientific importance of template lines

The primary science objectives of Herschel, and by extension the SPIRE FTS, are tied
to measurements of the physical processes that occur in the Interstellar Medium (ISM)
[46]. The spectral features that are included in the template are chosen based on their over-
all prominence in SPIRE FTS spectra and their utility as a probe of ISM processes. These
molecular and atomic fine structure lines provide effective tools for measuring thermody-

namic processes, the kinetic motion of shocks, and ionization processes in the ISM.

CO is the most abundant molecule in the Universe following H, [98] and is the most im-
portant coolant in dense molecular clouds [14]. Due to its dipole moment, CO has several
rotational transitions that radiate at FIR wavelengths. CO is easily excited into rotational
energy states as it collides with Hj in the cool ISM and it relaxes to ground state quickly
[14]. The lowest transition in the '2CO ladder (J = 1-0) is separated by an energy equiv-
alent to 5.5 K meaning the molecule is an effective coolant down to this temperature [14].

From my discussion of Equation 1.8 I showed that star formation out of necessity occurs
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in cold dense regions of the ISM, thus CO provides an important tool for probing star-
forming regions [22, 98]. The abundance of CO in an observation is also used frequently as
a measure of the total molecular gas present [98]. The SPIRE FTS was designed to cover

rotational transitions of 2CO from J = 4-3 to J = 13-12.

Measurements of CO rotational transitions can be useful for probing the molecule’s
column density in a source and its LTE temperature (see Equation 3.1) through rotation
(or population) diagrams [22, 99]. The 12CO molecule also has two other common stable
isotopologues, 1>C'°0 and '>C'80. These other isotopologues are readily found in the ISM
but are much less abundant and are often found to be optically thin, meaning the observer
receives the emission through the surrounding medium [14]. Measurements of these opti-
cally thin isotopologues can be used to estimate the total CO assuming typical [CO/'3CO]
and [CO/C'80] ratios in an observation where CO emission is self-absorbed [22]. It should
be noted that these isotopic ratios are observed to vary throughout the ISM and can be in-
dicative of star formation rates [100]. Goto et al. [101] describe the CO isotope ratios in
nearby molecular clouds that deviate from the local ISM ratios by as much as a factor of
2.8. Since the CO isotopologues often occur at different optical depths (when both isotopo-
logues are not optically thin) they can be used together to probe the physical processes at

different depths into a molecular cloud.

Water (H,O) is an important molecule for life on Earth and is an asymmetric rotor. A
multiplicity of lines from gas-phase water vapour occur in the SPIRE FTS band and are
commonly observed. Like CO, these rotational transitions provide an important coolant in
the ISM [22]. SPIRE measurements of water vapour are particularly useful for studying
ultraluminous infrared galaxies [102] and can be used as a tracer of star formation in the

ISM [103].
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Fine structure lines from C1 and N II are important coolants for the gas phase of the
ISM [22]. They are of particular import as they probe entirely different energy regimes
than the molecules that have been discussed. The CO molecule has a binding energy of
~ 11.10eV [104] while the first ionization of carbon occurs at 11.26 eV [105]. From these
two energies we see that, in the presence of a source of ionizing radiation, there exists a thin
shell of neutral carbon just between the cool molecular CO region and the warm ionized
region immediately adjacent to the source. The C1 transitions that are commonly found in
SPIRE spectra provide an important probe of this thin region (corresponding to a difference
of 0.16eV) around ionization sources such as stars [67]. The ionization energy of Nitrogen
is 14.53 eV [105] providing an even deeper probe that is able to access the warm ionization
region of a source. The utility of lines from molecules, atoms, and ionized atoms are not
limited to nearby ionization regions. Recently, Lapham et al. [106], have shown the utility
of C1, N 11, and CO features measured by the SPIRE FTS to probe the properties of distant

galaxies.

The other molecules included in the template are CH™, HCN, HNC, N,H*, HCO™,
H,CO, H;S, CS, SiO, and SO. Features from these molecules are commonly found in
SPIRE FTS observations and provide similar utility to those mentioned above but often
to a lesser extent. These features also tend to appear much more faintly in SPIRE FTS
observations but have been detected on several occasions which we will see further on in

the chapter.

3.2 Low Signal to Noise Ratio Lines

In Chapter 2, we have seen that the FF does not report features with an absolute SNR
less than 5. Let us imagine a situation where a molecular or atomic species containing

multiple lines in the SPIRE FTS band has some features detected at an SNR near this limit.
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Equation 3.1 and Figure 3.2 tell us that other features pertaining to this molecule are likely
to be present in the SPIRE FTS observation with similar SNR, and in some cases may
actually fall below this cutoff and not be included in the SAFECAT. An example of this
is shown in Figure 3.3. Strong '2CO emission is evident in the observation of this post-
Asymptotic Giant Branch (AGB) star [1] but the J = 5—4 transition is not picked up by the

FF since it occurs at an SNR of 4.35.

HD 44179 Observation ID 1342227779; (7/11)
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Figure 3.3: The postcard from a sparse observation of the post-AGB star HD 44179. Promi-
nent '2CO rotational transitions are marked with vertical lines and the J = 5—4 transition
that is not extracted by the FF is highlighted by the yellow box.

The line identification obtained by matching with the template provides a useful tool
for extracting these low SNR lines that are missed by the FF. The low SNR search routine
addresses these missing low SNR features by iterating through the atoms/molecules identi-
fied in an observation looking for transitions that are expected to be found in the spectrum
but are not contained in the FF results. These missing transitions are then re-input into the

FF as an initial guess in order to obtain the missing lines for SAFECAT. This low SNR
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searching process is shown in Figure 3.4, in which spectral features are represented by the

small squares. The following list is a step-by-step description of the routine:

FF output

000000000

L Template J

Matching to Template

Template

EeEEEEEsEnR
Spectral Feature Extracted by
D D D N Feature Finder

FF output Spectral Feature From the
Template with Known Atomic/
Molecular Species and Transition

Feature Finder Routine
Species Missing Species Missing
Expected Feature Expected Feature 1t SNR threshold

ERER HEEEN 2 SNR threshold
00 gD

Figure 3.4: Flow chart describing how line identification with the template is used to find
low SNR lines that may have been missed in the first pass of the FF. A full step-wise
description of the algorithm is presented in this section.

1. Features output by the FF (shown as purple squares in the flow chart) are shifted into

the rest frame.

2. FF features are compared to the template (shown in grey) in which the atom/molecule

and transition for each feature is known (shown by the colour outlining the boxes that
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represent spectral features). This allows for the atoms/molecules and transitions of

the FF features to be identified.

. The low SNR search routine iterates through the identified molecules in the FF fea-
tures and looks to the template to determine if any transitions are missing (shown by

the lighter coloured squares). These expected but missing features are added to a list.

. The FF routine is repeated on the SPIRE FTS observation from the HSA. During the
final iteration of SNR thresholds, which is changed to include features 5 > |SNR| > 2,
frequencies shifted to the velocity frame from the list of missing features are injected
as initial guesses for the central line frequency of features to be fit by sinc functions.

These features are assumed to be of low SNR.

. The new list of features output by the FF is subjected to the nominal checks for
removing features in the FF [7] with the exception of the flags around prominent
features (for missing but expected features that may lie close to a another high SNR

line).

. Remaining features that are contained in the list of missing but expected features are

recorded and flagged (shown with the thicker outline).

. Features found by the low SNR search routine are appended to the output from the

line identification routine with a ‘!’ character in the comment section.

As a result of this routine, spectral features down to a SNR of two that are expected to

be present but are not included in the FF are aggregated to the catalogue. The SNR thresh-

old of two was empirically chosen as a cutoff to prevent the inclusion of spurious detections.

This low SNR search routine has also been found to pick out higher SNR lines above

the absolute SNR cutoff of five. This can occur for features that are within the side lobes

of strong features and are nominally considered spurious features and removed from the
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catalogue. Hopwood et al. [85], studied multiple observations of calibration sources for
the Herschel SPIRE FTS (see the following section) and mark a detected feature in the
planetary nebula NGC 7027 at 802 GHz. This feature is not found by the FF in any FTS
observations of the source since it occurs within the mask width of the bright CO(7-6) fea-
ture (rest frequency 806.65 GHz). The low SNR search routine picks out this feature at
802.46 GHz while looking for missing HCO™ features in multiple observations of NGC
7027. This feature is found at SNRs as high as 22 (observation ID 1342245075).

3.3 Calibration Sources

Over the Hershcel mission, the SPIRE FTS observed several secondary calibrators in
order to monitor the spectral-line calibration and line shape, the continuum calibration and
shape, the frequency calibration, and to validate the spectral resolution. These sources were
also used to determine the instrument pointing stability with repeated observations over the
instrument’s lifetime [85]. These calibration sources range in object type and structure in
order to include point-like sources, sources with extended emission, planets, and asteroids.
Of these calibration sources, those that are rich in spectral features provide excellent test
cases for the line identification and low SNR search routines since they provide several ob-
servations of targets with a known spectral signature. Hopwood et al. [85] discusses these
sources in detail and the process by which Highly Processed Data Products (HPDPs) were
obtained for them. Hopwood et al. also provide measurements of the spectral lines for
many of these sources that are compared to the results from the line identification and low

SNR search routines discussed in this chapter.

The calibration sources and observations selected to test these routines are summarized
in Table 3.2. All of the analyzed observations are point-source calibrated or semi-extended

sparse observations that have HPDPs available. Figure 3.6 shows the results of these rou-
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Table 3.2: Summary of the line-rich calibration observations used to validate the line iden-
tification and low SNR search routines.

Source RA Dec. Type HR Obs.
NGC 7027 21:07:01.59 +42:14:10.2 Planetary nebula 31
AFGL 4106  10:23:19.47 -59:32:04.9 Post-red supergiant 29
CRL 618 04:45:53.64 +36:06:53.4 Protoplanetary nebula 22
CW Leo® 09:47:57.41 +13:16:43.6 Variable star 7
VY CMa 07:22:58.33  -25:46:03.5 Red supergiant 8
AFGL 2688¢ 21:02:18.78 +36:41:41.2 Protoplanetrary nebula 17

4Also known as AFGL 618
b Also known as irc+10216
¢Also known as CRL 2688

tines for the planetary nebula NGC 7027 for all 31 observations. Lines that are not identified
by matching to the template are marked in light red while those found by the second pass
of the FF during the low SNR search routine are outlined in red. Each point on the plot
represents a spectral feature and they are coloured based on the integration time of each
observation (repetitions refers to full scans of the FTS, see Chapter 2). The absolute SNR
cutoff of five is shown by the dashed black line, most features found by the second pass
of the FF are below this threshold as expected. The summary of the results from applying
these routines to the six calibration sources is presented in Table 3.3. Photometer maps
from the SPIRE Photometer Short Wavelength (PSW) array with the footprints of FTS ob-
servations over-plotted are shown for each source. The sources CRL 618 and AFGL 2688
both have CRL (Cambridge Research Laboratory Sky-Survey) and AFGL (Air Force Geo-
physical Laboratory) naming conventions; the choice for when one name is used over the
other in this thesis is dependent on the observational target’s name as submitted by the orig-
inal investigators of an observation and the convention used in publications from the SPIRE

instrument team (See Hopwood et al. [85]).
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Table 3.3: Results of the line identification and low SNR search routines for all observations
of the selected calibration sources. Sections 3.3.1-3.3.6 describe each of these sources.

Source Lines found by the FF  Lines Matched Lines Added

NGC 7027 832 616 89
AFGL 4106 375 338 62
CRL 618 1205 832 149
CW Leo 705 374 56
VY CMa 620 291 60
AFGL 2688 978 602 43

3.3.1 NGC7027

NGC 7027 Observation ID 1342210858; (11/12)
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Figure 3.5: Photometer map of the calibration source NGC 7027 (left) from the SPIRE
Photometer Short Wavelength (PSW) array (250 um) with the footprints of the spectrometer
SLW (cyan) and SSW (grey) arrays. The Feature Finder postcard from the central detectors
of an observation of the source is also shown (right).

NGC 7027 is a young FIR luminous planetary nebula [107] consisting of a central H1I
ionization region with molecular bipolar outflow [108] and a surrounding CO envelope
[109]. Line identification with the template is able to successfully identify 74% of the lines
extracted by the FF and obtain an additional 31 features from the low SNR search for this
source. Figure 3.6 summarizes the results of both the identification and low SNR search
routines for this source. Note the strong CO emission for the source (marked by vertical
grey lines) and that the low SNR search routine is particularly effective at finding '3CO

features missed by the first pass of the FF.

The presence of >CO emission from rotational transitions ranging between J = 54
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Figure 3.6: The line identification results for the calibration source NGC 7027 (see Table
3.2).

and J = 13-12, with the exception of the J = 10-9 transition, is confirmed in Hopwood et
al. [85]. The presence of all 10 in-band 12CO rotational features is also confirmed in this
source. The presence of the HCO™ J = 6-5,J = 7-6,J = 87, J = 10-9, and J = 13-12
rotational features that are often missed by the FF, but are found by the low SNR search,
are also confirmed. FF lines that have been matched with the template that are not reported
by Hopwood et al. are a combination of CH", p-H,O, HF, and HNC features. The N 11 fine

structure line is also detected in this source.

3.3.2 AFGL 4106
AFGL 4106 is notably fainter than other SPIRE FTS calibrators but was included to
ensure that at least one calibration source was available on every observing day of the mis-

sion [85]. It is an evolved massive star (post-red supergiant) that is encased in a dust shell
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AFGL4106 Observation ID 1342224747; (6/7)
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Figure 3.7: Photometer map (left) and postcard (right) for the calibration source AFGL
4106. Format similar to Figure 3.5.

and is known to be part of a binary system [110]. The star is surrounded by a bow-shaped
emission complex related to its mass loss [111]. The template also fits this source well
allowing for the identification of 90% of the spectral features extracted by the FF and the
addition of another 28 lines from the low SNR search. Figure 3.8 summarizes the results of

both the identification and low SNR search routines for this source.

Observations of AFGL 4106 are known to have significant emission from the surround-
ing galactic cirrus [85] which results in fairly prominent occurrences of the N 11 fine struc-
ture line. In Section 4.3.1 I provide a brief study of the emission surrounding the central

source and how the ionized nitrogen feature can be used to decouple the two.

Hopwood et al. [85] confirm the presence of all 10 in-band '>CO features and '*CO ro-
tational features from J = 5-4 to J = 11-10. The identification and low SNR routine have
identified a p-H,O feature and the N 11 fine structure line that are not reported by Hopwood

et al. [85].
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Figure 3.8: The line identification results for the calibration source AFGL 4106 (see Table
3.2).

3.3.3 CRL 618

CRL 618 Observation ID 1342249478; (30/33)
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Figure 3.9: Photometer map (left) and postcard (right) for the calibration source CRL 618.
Format similar to Figure 3.5.

CRL 618 (also known as AFGL 618) is a young protoplanetary nebula entering its post-
AGB phase only ~ 100 years ago and has a compact H 1I region surrounding the star [112].
The nebula also has bipolar outflow and a roughly circular outer halo [113]. As with the

previous two sources, the template is fairly effective for identifying the features found by
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the FF. The line identification routine is able to match 69% of the features found by the FF
to the template and an additional 21 lines are found by the low SNR search. These results

are displayed in Figure 3.10.

CRL618 Found by

Unidentified (o) Second Pass
Frequency [GHZz]

600 800 1000 1200 1400 1600
. . . . .
) = in © ~ ®© =) =) = ~Ne
I 1 I 1 I I I i ! ! 16
< n © ~ ) o o W e m.
— — — — — — — —
o o o oY ) o — S«' i
Il Il Il Il [ I =) e e =
2 ] > > > >' > > l ?. ? ? 14
18 g ¢ PF o 1 aila g
o o o} 0
a ~ ‘e o RS Oe 12 g
o i ol p=
=2 =
w0 [} 10 @
o (X ] o
1 A ()
104 2 ° ' g CC
|
______ - l_ _I...-._‘ Lo e 02l |
‘ .. 6
T T T T T T T T T T T T U 4
< oin ~ © o 15} - N N ™ n ~ o m
" ~© o o o ' [ ! — ' bl
— — — — ~ ~ o~ m m < — m [
@) o0 o o — — = = — — — — —
& 1 1 [} 9 o o o o o ! o0 oo
- . - - > ] I Il Il I n O o
@) % (@) Q > > > > > o ul > M
% T % b4 9 + P o) + g z
T =z o L = o — o
I o2 T O o T
I T I S
O

Figure 3.10: The line identification results for the calibration source CRL 618 (see Table
3.2).

CRL 618 contains a significantly more diverse set of molecules than the previous two
sources we have discussed having HCN, HNC, and H,O confirmed by Hopwood et al. [85].
The full list of transitions found by the line identification and low SNR search that agree
with the findings of Hopwood et al. [85] are shown in Table 3.4. All of the features identi-
fied by Hopwood et al. have been identified by the routine in at least one observation of the
SPIRE FTS. Line identification through template matching and the low SNR search found
a combination of HCO™, H!3CN, CISO, and H,CO features in addition to those reported

by Hopwood et al.
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Table 3.4: The lines reported by Hopwood et al. [85] for CRL 618. The rest frequency, vy,
of each line is also shown.

SLWC3 SSWD4
Species  Transition v [GHz] Species  Transition vy [GHz]
2co 4-3 461.04  2CO 9-8 1036.91
2co 5-4 576.27 2co 10-9 1151.99
12co 6-5 691.47  '2Co 11-10 1267.01
2co 7-6 806.65  '2CO 12-11 1381.10
2co 8-7 921.80  2CoO 13-12 1496.92
3co 5-4 55093  Bco 9-8 991.33
13co 6-5 661.07 Bco 10-9 1101.35
13co 7-6 771.18  1BCO 11-10 1211.33
13co 8-7 881.00 13co 12-11 1321.27
3co 9-8 991.33  Bco 13-12 1431.154
HCN 6-5 531.71  HCN 11-10 974.488
HCN 7-6 620.30  HCN 12-11 1062.97
HCN 8-7 708.88  HCN 14-13 1239.88
HCN 9-8 79745  HCN 15-14 1328.29
HCN 11-10 97449  HCN 16-15 1416.67
HNC 54 45327  HCN 17-16 1505.04
HNC 6-5 54390  HNC 11-10 996.77
HNC 7-6 634.51  HNC 12-11 1087.28
HNC 8-7 725.11  HNC 13-12 1177.75
HNC 9-8 815.68  HNC 15-14 1358.61
HNC 11-10 996.77  HNC 16-15 1448.98

H,0  2(1,1)-2(02) 752.03  H,0 2(0,2)-1(1,1) 987.92
H,0  2(02)-1(1,1) 98792  H,0 3(1,2)-3(0,3) 1097.37
H,0  1(1,1)-0(0,0) 1113.34
H,0 3(2,1)-3(1,2) 1162.93
H,0  22,00-2(1,1) 1228.80
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It should be noted in Figure 3.10 there are instances of the low SNR search finding
12CO J = 10-9 at a very high SNR. These features are indeed found by the first pass of
the FF but are not successfully matched to the template. When shifted to rest frame, these
features have fitted frequencies that are more than 0.3 GHz from the template line. These
features are marked as missing but expected features by the low SNR search. These features
are included in the list of missing features that are searched for in the second pass of the
FF and fit in the final SNR iteration. The refitting of these features effectively widens the
0.3 GHz matching window by the central frequency fitting constraints in the main loop of
the FF. This effective widening of the matching window can be seen for the '>2CO J = 10-9
transition in this source and for several other transitions in the calibration sources discussed

in the following subsections.

3.34 CW Leo
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Figure 3.11: Photometer map (left) and postcard (right) for the calibration source CW Leo.
Format similar to Figure 3.5.

CW Leo is a carbon-rich variable star in its AGB phase [114]. The star is undergoing
significant mass loss and resides within a dense molecular circumstantial envelope [115]
with a fairly complicated structure [116]. The line identification routine is able to success-
fully match 53% of the spectral features extracted by the FF and an additional seven lines

are found by the second pass of the FF searching for low SNR features. The results from
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applying both routines is presented in Figure 3.12 in which a large number of unmatched

lines are shown.
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Figure 3.12: The line identification results for the calibration source CW Leo (see Table
3.2).

CW Leo is a known source of SiS and HC1 [117, 118] lines that are not included in the
template as they are less ubiquitous in SPIRE FTS observations. These features, along with
a DO feature at 890.3 GHz, account for the majority of FF lines that are not identified
by the template. Figure 3.13 shows the continuum subtracted spectrum of an observa-
tion of CW Leo (observation ID 1342253661) with all features that have been successfully
matched with the template removed. Red lines and annotations mark SiS lines reported by
Decin et al. [117] and are found to agree with their expected frequencies within 0.3 GHz.
Those marked by an asterisk are reported in Decin et al. [117] to be blended with other low
SNR features and can be detected by the FF further from their expected frequency. These

blended features match with their expected frequencies within 2.52 GHz. The HCI feature
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discovered by Cernicharo et al. [118] is marked in Cyan. Remaining spectral features that
are found by the FF but do not correspond to any of the above atomic/molecular species are
marked with dashed magenta lines and are possibly some combination of emission from

SO™, NHj3, and SiC molecules.
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Figure 3.13: A SPIRE FTS observation (SLW left, SSW right) of CW Leo (observation
ID 1342253661) with spectral features identified with the template removed. SiS features
reported by Decin et al. are marked and labelled in red with an HCl feature marked in cyan.
The HCI feature was reported by Cernicharo et al. [118]. Features detected by the FF that
are not identified are noted by the dashed magenta lines.

3.35 VY CMa
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Figure 3.14: Photometer map (left) and postcard (right) for the calibration source VY CMa.
Format similar to Figure 3.5.

VY CMa is a highly luminous (~ 10° times more luminous than the sun) red supergiant
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star [119] surrounded by a circumstellar envelope that creates a reflection nebula at optical
wavelengths [120]. Similar to CW Leo it is experiencing mass-loss [121] and is a known
source of SiS features [120] in the SPIRE FTS band. The line identification routine is able
to successfully match 47% of the features found by the FF to the template and add another

eight lines to the catalogue through the low SNR search. These results are shown in Figure
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Figure 3.15: The line identification results for the calibration source VY CMa (see Table
3.2).

From Figure 3.15, we see that a large portion of the lines that remain unidentified by the
template occur in the SSW band between 1100 and 1500 GHz. Many possible molecular
species and transitions for these features are reported by Matsuura et al. [120] which are
predominantly comprised of SiS and water lines from higher vibrational bands than those

included in the template.
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3.3.6 AFGL 2688
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Figure 3.16: Photometer map (left) and postcard (right) for the calibration source AFGL
2688. Format similar to Figure 3.5.

AFGL 2688 is a very young protoplanetary nebula having left the AGB phase ~ 100
years ago [122]. There is a fast molecular wind extending from the central star heating
the surrounding molecular gas [85, 122]. Line identification with the template successfully
matches 62% of the lines extracted by the FF to the template and the low SNR search finds

an additional 17 features shown in Figure 3.17.

There are a large number of observations of this source with a high SNR unidenti-
fied feature detected between 1414.77-1414.90 GHz. This feature could possibly corre-
spond to the HyO, v=1 17(4, 14)-16(5, 11) transition at 1414.86 GHz or a SiC feature at

1414.99 GHz which are not included in the template.

The presence of HCN, 12C0, and 3CO rotational features in SPIRE FTS observations
of this source are confirmed in Hopwood et al. [122]. Isotpologues of these molecules are

also found by matching FF lines to the template as well as CS, H,O, and H,CO features.

A summary of the molecular and atomic lines identified in each calibration source is
displayed in Table 3.5. CO features are commonly found in all of these six calibration

sources as well as water lines. The expected Si0 features in VY CMa and CW Leo can also
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Figure 3.17: The line identification results for the calibration source AFGL 2688 (see Table
3.2).

be seen.

3.4 Application to the Full Catalogue

In Chapter 2 I have discussed the different observing modes and the products processed
by the FF. Sparse observations are treated nominally as has been previously explained,
however, mapping observations are treated as if each spaxel is a separate single pointing
observation. Line identification with the template and the low SNR search are conducted
on each spaxel of the SLW and SSW cubes independently using the velocity estimate from

the combined arrays that is obtained from the 12CO routine (see Section 2.2.5).
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Table 3.5: Atomic/molecular species identified in the six calibration sources. The number
of lines extracted by the Feature Finder, nrp, are also shown as well as the number of lines
found in the low SNR search, ngp.

NGC 7027 AFGL 4106 CRL 618 CWLeo VY CMa AFGL 2688

nFF 832 375 1205 374 620 978
nsp, SNR> 5 25 10 77 37 29 15
nsp, SNR< 5 64 52 72 19 31 28

CO 310 277 208 70 65 168

3co 287 177 198 74 28 178

clo 5 0 16 3 0 24
Cc'80 0 0 38 4 8 42

N1 12 28 0 0 0 0

C1 39 0 0 0 0 0

H,0 11 11 151 25 128 85

HI3O 6 1 4 7 8 0
H,CO 32 31 54 37 40 37
HCO* 80 0 181 0 16 0
H3Ccot 0 0 0 2 9 0

CH* 31 0 0 0 0 0

CS 1 1 2 0 0 6

13¢s 0 0 0 0 0 3

HCN 1 0 254 103 70 205

H3CN 0 0 17 7 8 130

HNC 1 0 130 11 0

HF 1 0 0 0 0 0

H,S 0 0 3 0 0

SO 0 0 1 0 0 1

Sio 0 0 1 56 139 0

NoH T 0 0 0 7 0 0
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3.4.1 Sparse observations

The effectiveness of the template matching at identifying the features extracted by the
FF is demonstrated in Figure 3.18. The green bins in Figure 3.18 show the ratio between
the number of lines extracted by the FF that remain unidentified by the template matching
and the total number of lines from observations with reliable velocity estimates. This ratio
is determined over larger frequency ranges than the bins of the histogram in order to guide
the eye to regions of high or low success in line identification. A similar figure is generated

for mapping observations in the following section.

High concentrations of successfully identified '>CO transitions can be seen. This is
unsurprising since these features tend to occur at high SNR resulting in more reliable FF
fitting results. The rest frequencies of the 10 in-band rotational '2CO transitions are dis-

played in Table 3.6.
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Figure 3.18: The results of line identification through matching with the template line list
shown as a histogram over frequency for sparse observations. The edges of the SLW (red)
and SSW (blue) bands are marked by thick vertical lines. The histogram bin width is
0.3 GHz matching the resolution of the line identification routine. Larger bins in green
guide the eye to frequency regions of high or low success in identifying features.

Only 60 of the lines extracted by the FF (0.3%) are from sources without reliable ve-
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Table 3.6: The rotational transitions of '>CO in rest frame. Transition numbers represent
the J quantum number.

SLW SSW
Transition Frequency [GHz] Transition Frequency [GHz]
4-3 461.041 9-8 1036.912
5-4 576.268 10-9 1151.985
6-5 691.473 11-10 1267.014
7-6 806.652 12-11 1381.995
87 921.800 13-12 1496.923

locity estimates. Of the lines with velocity estimates, 77.3% are successfully matched to
the template and an additional 1 833 features are found by the low SNR search. 506 of the
features found by the low SNR search have an absolute SNR greater than 5. There is a
large number of features in the 1261-1325 GHz region that are unable to be matched with
the template. Table 3.7 shows several spectral features in this region that are not included in
the template. Many of these transitions are reported as possible matches to spectral features

in SPIRE FTS observations of the calibration source VY CMa (see Matsuura et al. [120]).

3.4.2 Mapping observations

A similar histogram as in the previous section is presented in Figure 3.19 to show the
effectiveness of the line identification routine for mapping observations. Mapping observa-
tions provide a significantly larger data set of lines extracted by the FF than sparse observa-
tions (see Table 2.5) and the majority of the observed sources are large extended emission

regions (see Figure 2.5).

I found that 14.1% of lines from mapping observations are from spaxels that do not
have a radial velocity estimate, this is significantly more than the number of lines without
corresponding velocity estimates from sparse observations. The lack of reliable velocity

estimates is likely a combination of the structure of mapping sources and the absence of
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Table 3.7: Spectral features not included in the template that occur in the frequency region
centred at 1288 GHz where many Feature Finder lines from sparse observations are not
identified by the template.

Molecule Transition Rest frequency [GHz]
H,O 7(4,3)-6(5,2) 1278.27
H>O 8(2,7)-7(3,4) 1296.41

H,0 v2=3 6(5,2)-7(4,3) 1286.83
HDO 2(1,2)-1(0,1) 1277.68
HDO 2(2,0)-2(1,1) 1291.64
HDO 8(2,6)-8(2,7) 1293.37
SiS 71-70 1280.45
SiS 72-71 1298.24

SO 26(2,6)-25(2,6) 1287.66
SO 30(2,9)-29(2,8) 1287.75
SO 30(3,0)-29(2,9) 1287.78
H,S 9(6,4)-9(5.,5) 1283.11
H,S 6(2,4)-6(1,5) 1298.79
C34S v=1 27-26 1289.17
CS 26-25 1270.94
H,CO 17(2,15) - 16(2,4) 1269.48
HCN 15-14 1289.73

cross-correlation velocity estimates. Mapping observations tend to be of sources with com-
plex emission structure and there may exist dark spaxels that do not contain sufficient spec-
tral information for a reliable velocity estimate (see Figure 3.20). It should also be noted
that the cross-correlation method for determining radial velocities has not been applied to

mapping observations (see Chapter 2).

Of the lines from spaxels with reliable velocity estimates, 95.2% are successfully matched
to the template by the line identification routine and an additional 342 lines are found by
the low SNR search. 167 of the lines found by the low SNR search have an absolute SNR
greater than 5. As in the result from sparse observations, the 1261-1325 GHz region has no
identified lines, however, only two features are extracted by the FF from mapping obser-

vations in this region. There are a large number of unidentified features towards the edge
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Figure 3.19: The results of line identification through matching with the template line list
shown as a histogram over frequency for mapping observations. Notations are similar to
Figure 3.18

of the SSW band (1531-1568 GHz) where a series of HyCO features that are not included

in the template occur. Table 3.8 shows these HoCO features that occur in this region with

some other lines that are also not included in the template.

Table 3.8: Spectral features not included in the template that occur in the frequency region
centred at 1549 GHz where many Feature Finder lines from mapping observations are not
identified by the template.

Molecule Transition Rest frequency [GHz]

H,0 6(3,3)-5(4,2) 1541.97
H,CO  21(5,17) - 20(5,16) 1530.39
H,CO  22(0,22)-21(0,21) 1530.78
H,CO  21(3,19) - 20(3,18) 1531.51
H,CO  21(4,18) —20(4,17) 1532.95
H,CO  21(4,7) - 20(4,16) 1534.57
H,CO  21(1,20) — 20(1,19) 1540.68
H,CO  21(3,18) —20(3,17) 1540.68
HCN 18-17 1547.10
H'3CN 18-17 1552.19
HNC 17-16 1539.33
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Figure 3.20: A mapping postcard of the nebula NGC 7023. This observation demonstrates
the usual structural differences between sparse and mapping observations (compare to Fig-
ure 2.5) and that multiple spaxels of a complex emission structure often do not contain
sufficient spectral content to measure the radial velocity with the '>CO method.

3.4.3 Dual pointing observations

Over the course of the Herschel mission, two observations of the SPIRE FTS were taken
with special settings at two Beam Steering Mirror (BSM) positions [7]. The first observa-
tion, ID 1342227785, is of the calibration source CRL 618 and the other, ID 1342227778, is
of the calibration source AFGL 4106. The FTS observation pipeline successfully processes
these observations as mapping mode observations and they exist in the HSA as spectral
cubes with spatial coverage slightly better than sparse observations but slightly worse than
intermediately sampled observations. In both cases in the FF, the single FT'S observation is
treated as two separate sparse observations. In the scope of the FF for sparse observations
at the time, this was appropriate since only central detectors were used for sparse obser-
vations, however, this thesis details the application of the FF to all of the detectors in a

sparse observation (See Chapter 4) and it becomes more appropriate to treat these as map-
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ping observations. The mapping postcards for these sources are shown in Figure 3.21. The
spaxel with the most lines in the observation of AFGL 4106 appears to largely be spurious
detections. Note that the foreground emission from the galaxy is brighter than the source

itself in the SLW band.

The application of the line identification and low SNR search routines first requires both
observations to be processed as mapping observations in the FF obtaining a radial velocity
estimate for each spaxel. After this process, both observations are ready to be processed as
normal mapping observations. The results of the routines on these observations are summa-
rized in Figure 3.22. Features that are successfully identified by matching to the template
are marked in blue while those that are not matched are marked in red. Features from spax-
els that do not have a reliable velocity estimate are marked with triangular markers in a

fainter red. Note the high quantities of N II features found in AFGL 4106.

3.5 Conclusions

The line identification routine has successfully matched 12 052 lines from sparse obser-
vations (77.3% of FF lines from observations with reliable velocity estimates) and 124 065
lines from mapping observations (95.2% of FF lines from spaxels with reliable velocity es-
timates). The low SNR search has added 1 516 missing lines from sparse observations and
342 lines from mapping observations to the catalogue. Though the line identification does
not give a complete picture of every prominent atomic and/or molecular feature contained
in SAFECAT, the template selected is representative of typical sources observed by the

SPIRE FTS instrument as is evidenced by the 95% line matching in mapping observations.

The low SNR search routine, by design, is searching for features at low SNRs, where

spurious detections of features are common and should be viewed with a degree of skep-
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Figure 3.21: The mapping postcards for the dual pointing observations of AFGL 4106 (top)

and CRL 618 (bottom).
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ticism. A significant portion of features found by the low SNR search are considered a
poor fit by the FF flagging criteria. Of the lines found by the low SNR search, 75.9% from
sparse observation and 87.1% from mapping observations are flagged as poor fits. Though
caution should be used when considering these features, this routine fills a known weakness
of the FF routine and aids in increasing the frequency spacing tolerance in the identification
routine when an expected prominent feature is found by the FF more than 0.3 GHz from its

rest frequency.

The results from the line identification provide a useful addition to the FF catalogue
for determining the resources in a given SPIRE FTS observation that can be used to mea-
sure the system. Appendix B presents the results of the line identification routine after its
application to all publicly available SPIRE FTS observations. These results include fea-
tures identified in the spectra from off-axis detectors of the FT'S which is the subject of the
following chapter. The identification of all 15 atomic/molecular species in the template is

shown broken down by observing mode in Figure 4.14 in the following chapter.
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Chapter 4

Application of the Feature Finder to
Off-Axis Detectors

Many of the truths we cling to depend greatly on our own point of view.
— Obi-Wan Kenobi
—George Lucas, dir. Star Wars Episode 1V: A New Hope.

Twentieth Century Fox, 1977.

In Chapter 2 we have seen that the majority of the Herschel Spectral and Photometric
Imaging Receiver (SPIRE) Fourier Transform Spectrometer (FT'S) observations are single-
pointing and sparsely sampled. Current public releases of the Herschel SPIRE FTS Spectral
Feature Finder (FF) catalogue only present extracted features from the central detectors of
the Spectrometer Long Wavelength Array (SLW) and Spectrometer Short Wavelength Ar-
ray (SSW) arrays, SLWC3 and SSWD4. This leaves the wealth of spectral information
from the other 52 active detectors untouched. In the development of the FF, we identified
397 sparse observations that were of semi-extended or extended sources which would be
expected to contain significant emission observed by off-axis detectors. It has been my
responsibility to extend the FF routine to include observations from off-axis detectors in

sparse observations for the next public release of the FF catalogue.

In this chapter, I will discuss the application of the FF to the off-axis detectors in sparse
observations of the SPIRE FTS and the justification for their inclusion in the the SPIRE Au-

tomated Feature Extraction Catalogue (SAFECAT). The application of line identification
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and the extraction of low SNR features, as introduced in Chapter 3, to off-axis detectors
of the SPIRE FTS is also presented in this chapter. Discussion of these routines in this
chapter is in compliment to what is presented in Chapter 3. I have included a brief study
comparing the effectiveness of both methods used by the FF to measure radial velocity in
off-axis detectors. The FF has been applied to the off-axis detectors of all sparse observa-
tions contained in the catalogue (with the exception of the dual pointing observations from
the previous chapter) and the extended calibration has been used to determine their spectra
regardless of whether the source in the central detector is extended or point-like emission.
It is also important to note that the SPIRE FTS has a 2 arcminute unvignetted Field of View
(FOV, see Figure 2.3) and that the outer ring of detectors on both the SLW and SSW array
have a reduction in the light that they receive. The flux calibration for these detectors is
thus less reliable [6]. Other obliquity effects on line shape and centre are corrected in the

nominal SPIRE FTS processing pipeline [123].

4.1 Importance of Off-Axis Detectors

We have already discussed that there exist 397 observations in the Herschel Science
Archive (HSA) that are expected to have significant emission in off-axis detectors of the
FTS which represent 45.7% of unique sparse observations. An example of both an ex-
tended and semi-extended source is shown in Figure 4.1, with the SPIRE FTS footprint
shown. The extended source, SH104 IRS2, shows bright emission extended throughout
the off-axis detectors of the FTS while the semi extended source shows a bright point-like
source slightly off-centre of the detector arrays with diffuse emission extending out from
it. In both cases, significant spectral content is expected to be observed by off-axis detec-
tors. There is also a known potential for pointing errors in SPIRE FTS observations that
can sometimes result in an observation straying as much as 1 arcminute from the requested

pointing (See Figure 4.2) [86]. In cases in which the pointing error is large, it is possible
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for the desired source to appear in an off-axis detector of the FTS.
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Figure 4.1: SPIRE observations of an extended source, the emission nebula RCW 120 (left),
and a semi-extended source, the molecular cloud W3 (right), with the FTS footprint shown
(grey: SSW, cyan:SLW) superimposed on SPIRE Photometer Short Wavelength (PSW)
maps (250 um) of the sources. Note that grey pixels in the photometer map are either
dead or saturated pixels that are assigned a not-a-number value in the SPIRE photometer
processing pipeline.
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Figure 4.2: SPIRE observations of the star forming region DR 21. The figure is centred on
the requested pointing seen by the bright source in the SPIRE PSW (250 um) map but due
to the pointing error (see Valtchanov et al. [86]), the source occurs in an off-axis detector
of the FTS.

The number of SPIRE FTS observations that are expected to have significant emission

in off-axis pixels can be easily estimated by comparing the integrated intensity across the
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entire SPIRE band. I have found that 26.4% of sparse observations have at least one off-axis
SLW spectrum that is brighter than that of the central detector. For the SSW array, 25.1%
of observations have a brighter off-axis detector than the central detector. These results are
shown in Figure 4.3 and are summarized in Table 4.1, where Fpy is the integrated intensity
of the spectrum from an off-axis detector and Fcep¢ is the integrated intensity of the spec-
trum from the central detector of the corresponding array. The final column of Table 4.1
presents the number of spectra from off-axis detectors within the defined region compared

against the total of all off-axis spectra.
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Figure 4.3: The integrated intensity of off-axis detectors compared to their respective cen-
tral detectors in sparse SPIRE FTS observations. Vertical black lines show the regions
summarized in Table 4.1.

There is also a particularly interesting example of the important information contained
in off-axis detectors of the SPIRE FTS. Recently the first astronomical detection of the
Noble gas molecule, 3 ArH™T, was discovered by Barlow et al. [124]. This detection comes
from a SPIRE observation of the Crab nebula supernova remnant and was found in the off-

axis detectors, SSWA2, SSWB1, SSWB2, SSWB3, and SSWD4 [124].
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Table 4.1: The number of off-axis spectra and observations with significant emission. Flux
ratio ranges in the first column are cumulative.

SLW SSW Combined
Foa/Feent Spectra Observations Spectra Observations Total Ratio of Spectra
> 0.50 4275 415 6091 305 32.4%
> 0.75 2 880 304 4193 257 22.6%
>1 1738 216 2221 205 13.1%

Understanding the spectral content of off-axis detectors also becomes important when
performing background subtraction for SPIRE Fourier Transform Spectrometer (FTS) ob-
servations as is done by Hopwood et al. [85] when examining calibration sources. Spectral
information from off-axis pixels can be used to remove surrounding emission/absorption
from a point source measured in the central detector, similar to aperture photometry [125].
If there are spectral features in off-axis detectors that are not present in the central detector,
or that occur at a significantly different radial velocity, it may result in unwanted artifacts

in the subtracted central spectrum.

Though most sparse observations are of sources that are point-like, extension of the
FF to off-axis detectors is justified due to the extended nature of many sources, the FTS
pointing error, and to provide comprehensive information for background subtraction of

the central detector.

4.2 Postcards

In Chapter 2 we have briefly discussed the formation of mapping postcards and their
role in the FF. The goal of FF postcards is to provide an at-a-glance summary of the in-
formation provided by the FF for any given observation. Figure 4.4 shows the application

of the sparse postcards for the central detectors of SPIRE FTS observations to all detectors
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in a sparse observation. Figures of this nature are far too large and complicated to serve as
postcards. These postcards do not provide any obvious information concerning the struc-
ture of the observed source or the velocity estimates that can be obtained on a per-detector
basis from the SPIRE FTS. An approach similar to the mapping postcards was used instead

for developing sparse postcards to present information from off-axis detectors.

The postcards developed to highlight off-axis spectral content extend the previously
developed sparse postcards for central detectors and have been designed to follow a similar
format to the mapping postcards. An example of these off-axis postcards is shown in Figure
4.5. It should be noted that the object names reported in SPIRE observations are submitted
by the observer and do not necessarily conform to any naming standards. Throughout
this thesis, it will also become apparent that they certainly do not keep to a consistent
convention. For the convenience of generating postcards in mass quantities, the reported
names in postcards are those that are directly recorded in the metadata of HSA observations

as provided by the original observation investigators.

The first of the four columns of the postcard displays the sparse postcard that was gener-
ated in the nominal FF process (top) and the SPIRE FTS footprint over the PSW photometer
map (bottom). The sparse postcard shows the spectra from each central detector (SLWC3
in red, SSWD4 in blue) and vertical shaded regions mark the 10 GHz wide edges of each
band, which are nominally avoided by the FF in line searching. Features extracted by the
FF are marked by vertical sticks whose size is proportional to the SNR of the line. The
fitted continuum polynomial is also shown in green. For the photometer map, the figure
itself is centred on the requested pointing of the observation and cropped to a 4 arcminute
square. The colourbar of the photometer map is scaled to reflect the image content and
empty pixels which are assigned a not-a-number (NaN) value are coloured in grey. The

SPIRE footprint is shown with its actual pointing for each detector, the SLW array is out-
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rewl 20c] Observation ID 1342191227

Figure 4.4: The postcards designed for central detectors in sparse observations applied to
each detector in the SSW array for an observation of RCW 120 (see Figure 4.1). For SSW
detectors that have a coaligned SLW detector, both spectra are shown on the same plot (the
SLW spectrum in red and the SSW spectrum in blue).

101



4.2. POSTCARDS

"UO01393s S1Y) JO Apoq dY) Ul UdAIS st paedjsod ay) ur [dued yoes jo
uondriosap pafrelap v (wooq) SANId0[RA [eIpeI pajerdosse pue (doy) samjedy [enodds paynuapr Jo oquinu ay) Jo dew e smoys uwnjod
[euy ayJ, (wonoq) ASS pue (dol) TS 10J 4 9yl AQ PA1oBIXd SAUI] ISOW Y} PIIM B1)dads SIxe-1Jo ay) pue ‘enoads sixe-jjo 1saysLq
Surpnyour 3sa1)ur Jo enodads sAe[dsip uwn[od pay) oy, ‘sAerre (wonoq) MASS pue (doy) AATS Yl WOoIJ $I0199)p SIXe-JJo 9y} J0J sdew
Aysuayur sopraoid uwnjod puodas AyJ, ‘[eued wopoq ayy ur juridiool S pue dewr wrl )¢z I1owoloyd Ayl ym ‘predlsod 4 srxe-uo
o) sop1aoid uwinjos is1y oy ut [oued doy oy, (7' 231 99s) [7 Y UOI3aI FuruLio] Jeis ay) 10J predsod sIxe-jjo ayJ, :G'4 9In3L]

3] 1§ WNNURUO) - - ("qU00) SeurT IS0 —— 0002[) uoisuadsy ybry
hm_mwwwommpm_.,_om_mc“wm% ucﬁhw__om (ZOMmSS) ¥seybug — 1030939 Te1jua) R"wMON mm"vmm"oN z:6€:02 r_e"mmam osigEi0z A.mmwgmb __—“w%gww%ﬁmﬁﬁ.ow STBE0T
. . TP LT TP —N:OH_ %Uﬁ@gw.nﬁm . . T4 TAN4d
0s- 0091 00s1 oovl 00€T 00z1 001t 0001
R WL R T e W . .
0% o® o g e® o .
< () ® @) 2 2 [ ) [ ) 2 oz o
memw . O O . . Zv.81. 2k M m.. z . .‘ . . . WZh8L. 20 M ,W vW
Z e® ®® © o g 3, 3, 0®_ @ 5 ¢ :
w.omw . . . O vtz ./W, . . . . I “M M
il 009 0@ g 2 e0® 0® : 5 5
o Zh.6L. T B . [
[s/w] Z°8 : A&3120|2A |23URD £1-aT
1g WNNUnuo) - — (‘quIod) SouIT IS0 — 0002[) uoisuaasy 3ybry
R_mmwmoomm—nwm.._“_mcmw.www u.._wmm_w_ow (eamTs) 1seqbug —  10p838q [e1ULY mmnmAm_mm anmm_ﬁ 65:8€:0C M_”mm.om
¢ WZhLT. T8 Aouenb .
T . . 0001 aanﬂNEMwM uﬂwn Q.Ma.nw 00% 00F - ® 1 erat e [2H9] Aouenbaig
. . I T T T T g I .
[ >
Sa . . o o 2 @] g
mﬂ . . . . . 68T .28 m . ,ml 5 2HBL. 2 m. w.
g ® o ] g &« H i
© ez . . O . -y m m Wq. 4
Wm& . ® ‘ . S - =t 3 \M
m . . Zb.61 Ne,ﬂzp W m 2h6l.zy 9 5
gl . . . 1= & ER 5] nsed
..uA_._ S€ . . . . m m Sz = 1 I I I L I L ! L I -
- . . . . g =0 (L1/12) ‘V0BLBTZFET A UONBAIGSO TZ HA
6€ .
. - 0 = Zh6L. 2
. Zb.61 .20 N !

¥06/812vEL 1PISAO ‘Ie Ya #998lq0

102



4.2. POSTCARDS

lined in cyan and the SSW array is outlined in grey. The circles represent the Full Width
at Half Maximum (FWHM) of the detector beam at the centre of the band corresponding
to each array, ~ 25 arcseconds for SLW and ~ 19 arcseconds for SSW. In cases where no
SPIRE photometer map is available for the pointing of the FTS observation, a stock image
stating that no photometer map was found is shown instead. There are 97 SPIRE FTS ob-

servations for which no photometer map could be found.

The second column contains the footprint of each detector array on sky (SLW top,
SSW bottom). In order to determine the orientation of the detector arrays, the SLWC3 and
SLWB2 detectors are labelled in cyan while the overlapping SSW detectors SSWB3 and
SSWES are marked in grey. Each detector is coloured based on the integrated intensity
across their entire band for the given observation, with the extended calibrated spectrum
used for this calculation. The central detector is not included in the determination of the
colourbar dynamic ranges and it is marked by the grey hashed-out circle to illustrate this.
Note the two dead detectors in the SSW array which also help in determining the orienta-
tion of the FTS on sky. The brightest detector from each array is outlined in magenta. This
intensity map of the FTS footprint with the photometer map provides information about the

structure of the source which should correspond to the spectral content of off-axis detectors.

The third column presents a few spectra of interest from the SLW array (top) and the
SSW array (bottom). The spectra from the brightest off-axis detectors are plotted in ma-
genta (based on the band integrated intensity and marked in the corresponding panels to the
left) and the spectra from the detectors with the most lines are plotted in red (marked in the
upper panel to the right). The spectrum from the central pixel is also plotted in the figure
background, in grey, and intentionally does not influence the axis limits, the central spec-
trum is only provided for comparison and is better viewed in the central detector postcard

(top left panel). Again the extended calibrated spectrum is chosen for this plot. The spec-
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4.3. APPLICATION OF THE FEATURE FINDER

tra with the largest number of lines is determined by combining the lines extracted from
each SSW spectrum with those from its nearest neighbouring SLW spectrum, the number
of features is then determined as the total number of features from both. As is the case
for central detector postcards, the lines extracted by the FF are marked by vertical sticks
with sizes proportional to the SNR of the feature. Emission features are marked above the

spectra while absorption features are marked below.

The fourth and final column contains the number of lines extracted by the FF (top) and
the velocity measurements (bottom) from off-axis detectors. In each case, the lines iden-
tified in the SSW detectors are paired to the nearest SLW detector and used for velocity
estimates and the total number of lines displayed in each SSW detector. The SSW off-axis
detector with the most number of lines found by the FF is outlined in red. The number of
spectral features found by the FF for the central detector is written in green on the central
detector. The velocity estimates are obtained from the '>CO velocity estimate routine and
follow similar annotations to those in mapping postcards. The green numbers mark the
number of 2CO features used in the velocity estimate with the character ‘A’ denoting that
all 10 in-band '?CO features are used. When the N 11 feature is used for the velocity esti-
mate an ‘N’ character is used instead. Detectors for which no reliable velocity estimate can
be obtained are coloured in grey. The radial velocity estimate from the central pixel is also
shown in the title of the velocity panel and the radial velocity flag is printed in green over

the central pixel.

Figures 4.6 and 4.7 both provide an example of an extended source and a semi-extended
source that both have significant numbers of spectral features observed by off-axis detec-
tors. More off-axis postcards, including cases in which off-axis detectors do not contain

significant spectral information, are presented and discussed in Appendix C.
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4.3. APPLICATION OF THE FEATURE FINDER

4.3 Application of the Feature Finder

Applying the standard FF routine to the off-axis detectors of all 814 sparse observations
yielded a total of 29 130 additional lines with an absolute SNR greater than 6.5. Note that
there are four less sparse observations since the two dual pointing observations which were
previously processed as four sparse observations have been processed as two mapping ob-
servations in Section 3.4.3. The results from the FF are broken down per detector in Figure
4.8. As expected the majority of lines discovered are close to the central detector of each
array. Since a large portion of the spectra from off-axis detectors are significantly dimmer
than the spectra from central detectors, only emission features extracted by the FF with an
absolute SNR greater than 6.5 are included in the catalogue. Absorption features with an
absolute SNR less than 10 are also removed from the catalogue. Nominally a cutoff of
absolute SNR = 5 is employed for emission features in spectra from the central detectors
while a cutoff of 10 is used for absorption features. This removal of spurious detections

discards 36.3% of the spectral features originally found in off-axis detectors.

1509 932
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Figure 4.8: The number of lines detected in each off-axis detector over all 818 sparse
observations of the SPIRE FTS.

The number of features found at different frequencies in the SPIRE FTS band is shown

in Figure 4.9. We see that the N 11 3p, 3Py feature (marked by the vertical red line) is fre-
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4.3. APPLICATION OF THE FEATURE FINDER

quently detected in off-axis detectors accounting for over 10% of the total detected features.
12CO features are also fairly common, as expected. Figure 4.15 shows a similar histogram
for the SNR of spectral features from off-axis sources in comparison to lines from mapping
sources and central detectors. Triangular symbols mark the detection of features from the

low SNR search routine after line identification has been performed. This is detailed in the

following section.
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Figure 4.9: The number of lines detected by off-axis detectors at different frequencies.
Histogram bin widths are 11.6 GHz wide. The rest frequencies of '2CO are marked by
vertical grey lines while the N 11 3P; =3Py, transition is marked by the red line.

Of the spectra from off-axis detectors with features found by the FF, 3 590 of 27 673
(13.0%) have reliable velocity estimates based on the 12CO features. These velocity esti-

mates are further discussed in Section 4.4.1.

4.3.1 Ionized nitrogen emission

We have seen in Section 3.1.2 that the N 11 °P;—Py feature originates from higher en-
ergy systems than the molecular lines that are commonly found in SPIRE FTS observations.

There are several sparse observations that have a FIR bright central source with strong
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4.3. APPLICATION OF THE FEATURE FINDER

molecular emission and N IT across the entire field viewed by the FTS. Figure 4.10 shows
an example of this N IT emission surrounding the calibration source, AFGL 4106 (see Sec-
tion 3.3). In this case, the N II emission is useful for decoupling the dusty star measured
by the central detector from the surrounding Galactic cirrus which has a radial velocity that

differs by as much as ~ 60 km/s.

The N 11 3PPy transition has an energy difference corresponding to 70.1 K [92] and
it is an effective coolant down to these temperatures in the Interstellar Medium (ISM) [22].
Typical methods of measuring metallicity in astronomical observations depend on bright
optical features creating a strong bias to dust-free regions and have been known to under-
estimate the total metallicity of an observation [126, 127]. As this feature is so ubiquitous

in FIR observations, it will play an important role in future FIR missions as well [126].

4.3.2 NGC 891

NGC 891 is a well studied spiral galaxy that is viewed edge-on and is thought to be
fairly similar to our own galaxy [128, 129]. The galaxy contains layers of diffuse ionized
gas that extend from the plane out to 4.5kpc [130]. SPIRE observations of this galaxy
have been used to measure its heating and cooling processes [129]. These SPIRE FTS
observations have also been used to study the relationship between CO luminosity and
Far-Infrared (FIR) luminosity, and the correlation between molecular gas density and star

formation rates [131].

There are two SPIRE observations of this galaxy that demonstrate the utility of the
information provided by the FF from off-axis detectors of the FTS. Figure 4.11 shows
selections from the postcards from both observations. The Galaxy traces a diagonal line

through the centre of the FTS footprint and the velocity of the N 11 3P;—> P, line shows the
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Figure 4.11: Two SPIRE FTS observations (top: Observation ID 134224766, bottom:
1342224765) of the galaxy NGC 891. The photometer map and FTS footprints from their
postcards are shown (left) as well as their velocity maps (right). These results are provided
by the FF radial velocity estimate routine (see [78]), modified by the author to process
off-axis detector data within sparse observations.
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4.4. LINE IDENTIFICATION

velocity gradient corresponding to the rotation of the galaxy. The velocity of the central
bulge as measured by the N 11 3P—3Py feature in the SSWF1 detector is 513 420 km/s
which is in agreement with the radial velocity reported in the NASA/IPAC Extragalactic
Database (NED) [132]. Correcting to the rest velocity of the central bulge, the radial veloc-
ity of the south edge is measured by the SSWBS detector (in observation ID 1342224765)
to be 229 + 28 km/s and the radial velocity of the north edge is measured by SSWF2 de-
tector (in observation ID 134222476) to be —185 4-28. This rotation is in agreement with

measurements of the ionized gas by Keppel et al. [133] in this galaxy (see also [134, 135]).

4.4 Line Identification

The line identification routine of the FF was also extended to include off-axis detectors
in sparse observations. This section presents and summarizes the results of both the line

identification and low SNR search routine for off-axis detectors in sparse observations.

4.4.1 Velocity Estimates

In order to apply the line identification routine described in Chapter 3, velocity esti-
mates specific to each off-axis detector in an observation were used (see Section 4.2). We
have already seen cases above (Figure 4.10) where the radial velocity of a given detector
may not necessarily match that of an off-axis detector. Only 13.0% of off-axis detectors
from all sparse observations contain sufficient spectral information to determine a confi-
dent radial velocity estimate using '>’CO/N 11 features. In order to provide more off-axis
detectors with radial velocity estimates for line identification, the cross-correlation method
outline in Section 2.2.5 is employed for the spectra from off-axis detectors that do not have

12CO velocity estimates.

There are 3 110 cases where a velocity estimate is provided by both the '>CO and cross-

112



4.4. LINE IDENTIFICATION

correlation routines in off-axis spectra of the FTS. This allows us to further the validation
of both routines performed by Scott et al. [78] with the results from off-axis detectors of the
FTS. I found that 92.4% of velocities recorded by both routines are in agreement to within
20 km/s, which is similar to the agreement in central detectors [78]. I also found that the
majority of outlying cases are a result of erroneous identification of the N 11 3P| P, feature.
When an observation is particularly line sparse, both methods look for this single line for a
velocity estimate. It is expected for large discrepancies between each routine, to exist for
these sources as the '>CO routine is known to erroneously identify the N 11 3P;— Py transi-

tion to measure the radial velocity instead of an alternate atomic/molecular species [78].
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Figure 4.12: The agreement between the velocity measurements made by the '>CO and
cross-correlation methods (see Section 2.2.5) for off-axis detectors in sparse observations.
The agreement of all 3 110 off-axis observations are shown in the main plot while the inset
plot shows 92.4% of the velocity estimates, these agree within 20 km/s. In both cases, the
dotted black line marks 1:1 agreement.

The agreement of these two routines is shown in Figure 4.12. The majority of off-axis
velocity measurements can be seen to cluster around velocities less than 1000 km/s. 1
found that 99.1% of velocities measured in off-axis detectors by both routines are of veloc-

ities lower than 500 km/s. This result is unsurprising since SPIRE FTS observations of high
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4.4. LINE IDENTIFICATION

redshift targets usually contain a bright source in the central pixel with little to no signal in
off-axis detectors. By employing both the '>CO and cross-correlation routines, the number
of spectra from off-axis detectors with reliable velocity estimates is increased from 3 590
to 9211 (33.3%). In total, there are 4 129 lines, 14.4% of all lines extracted from off-axis
detectors, that are from spectra in observations without reliable velocity estimates for the

given detector.

4.4.2 Results

The line identification routine successfully matches 23 179 spectral features (93.1% of
lines with velocity estimates) with their corresponding atomic/molecular transitions. These
results are summarized in Figure 4.13. As in Chapter 3, the green bins in Figure 4.13 show
the ratio between the number of lines extracted by the FF that remain unidentified by the
template matching and the total number of lines from off-axis detectors with reliable veloc-
ity estimates. Similar to the histograms in both Figures 3.18 and 3.19 we see that the line
identification routine is effective at identifying rotational CO features (see Table 3.6) and

the N 11 3 P,—3 P, transitions (rest frequency 1461.13 GHz).

The identification of all 15 atomic/molecular species in SPIRE FTS spectra from map-
ping, off-axis detectors in sparse observations, and central detectors in sparse observations
is shown in Figure 4.14. Note that isotopologues and ionization states have all been grouped

together for each species.

Figure 4.15 compares the FF results for off-axis detectors to the rest of the catalogue.
The SNR histogram of the features from off-axis detectors is shown on the top plot in
blue while the results from the central detector of sparse observations and the results from

mapping observations are shown in orange on the middle plot and in violet on the final plot,
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Figure 4.13: Identified and unidentified features extracted by the FF from off-axis detectors
in sparse observations of the SPIRE FTS. Similar to Figures 3.18 and 3.19 the frequency bin
width matches the 0.3 GHz template matching tolerance in the line identification routine.
Larger green bins showing the number of unidentified features are used to guide the eye.

respectively. The absolute SNR cut-off for each case is shown by the dashed black line,
note that for off-axis detectors, the absolute SNR cutoff was chosen to be SNR 6.5 due to
a higher concentration of spurious detections from the more faint signals typically found in
the off-axis detectors in sparse observations. Features discovered by the low SNR search
routine described in Chapter 3 are shown by triangular-shaped markers. A total of 1757
features from off-axis detectors in sparse observations have been added to the catalogue by

this routine, 565 of these have an absolute SNR greater than 5.

Comparing Figure 4.13 to Figures 3.18 and 3.19, the composition of off-axis spectra
appear to be more similar to mapping observation than the spectra from central detectors
in sparse observations. Spectra from off-axis emission does not share the clusters of lines
centred at ~ 800 GHz and ~ 1288 GHz. In general, the template line list is also more suc-
cessful at identifying features extracted from these spectra than for central detectors. Of
features from off-axis detectors, 93.1% are successfully identified while only 77.3% of fea-
tures from central detectors are successfully matched with the template. Since the majority

of off-axis emission is expected to come from extended sources similar to the usual targets
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Figure 4.14: The line identification of all 15 atomic/molecular species contained in the
template for mapping and sparse SPIRE observations.

of mapping observations, perhaps this is unsurprising.

The application of the line identification routine and low SNR search routine to the en-
tirety of sparse (spectra from central and off-axis detectors) and mapping observations is
presented in Appendix B. This figure shows the number of identifications for each individ-

ual spectral feature contained in the template.

4.5 Conclusions

There is a wealth of spectral data observed by the off-axis detectors that the FF is well
equipped to extract and catalogue. The FF found a total of 37 869 spectral features from the
off axis detectors within sparse single-pointing observations, 36.3% of these features are
emission features with a SNR less than 6.5 or absorption features with absolute SNR less
than 10. These features are not included in the FF catalogue in order to avoid the inclusion
of spurious detections leaving 29 130 features to be ingested to the catalogue with the next

public release. Postcard images were developed for each sparse observation to summarize
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Figure 4.15: The SNR of lines extracted by the Feature Finder and the low SNR for off-axis
detectors of sparse observations (top), central detectors of sparse observations (middle), and
from mapping observations (bottom) are shown in blue, orange, and violet, respectively.
Lines found by the FF employ round markers while those found by the low SNR search
routine use triangular markers.
dotted black line. Axis in each case have been set to the same scale for easy comparison.
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the features found by the FF and the radial velocity estimates (as shown in Figures 4.5, 4.6,

4.7, and Appendix C).

The NI fine structure line is the most commonly found feature in off-axis detectors.
This chapter has shown the utility of this feature to disentangle a source from background
emission (Figure 4.10) and measure the rotation of a nearby galaxy, NGC 891 (Figure 4.11).
12CO features are also commonly found in off-axis detectors. Together, these features are

used to provide radial velocity estimates for 3 590 off-axis spectra.

Spectra from off-axis detectors provide another test case to further compare the two
radial velocity measuring routines employed by the FF [78]. Using off-axis spectra that
provided a confident velocity estimate from both the '2CO and cross-correlation methods I

found that these two methods agree to within 20 km/s for 92.5% of these observations.

Line identification is able to successfully match 23 179 features extracted by the FF to
template lines. An additional 1757 features are found by the low SNR search routine to be
included in the catalogue. These results appear to be more in line with the identification of
features from mapping observations than from the central detectors of these sparse obser-

vations.
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Chapter 5

Conclusions and Future Work

If you don’t know everything, you must go on with what you do know. — Rand

al’Thor
—Robert Jordan (A Crown of Swords, 1996)

In this thesis, I have presented my findings from identifying the energy transitions in
molecules and atoms that give rise to the spectral features detected by the Spectral and
Photometric Imaging Receiver (SPIRE) Fourier Transform Spectrometer (FTS) that have
been extracted by the Herschel SPIRE FTS Spectral Feature Finder (FF) routine and the
extension of this routine to the off-axis detectors in sparse single-pointing SPIRE FTS ob-
servations. In this final chapter, I will summarize these findings as well as the context
provided for them in Chapters 1 and 2. I will also discuss the future of the FF and the next

steps to further the investigation that I have presented.

Included in this chapter is a brief overview of future FIR space telescope missions and
technologies that are in development to further the field of FIR astronomy. This discussion
will be from my perspective as a researcher who has aided in the close of the previous
generation’s archival phase and will focus on how these projects build on what has been

learned from Herschel and SPIRE.
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5.1 Conclusion

In the initial chapter of this thesis I have introduced key areas of study in the field of
FIR astronomy and some of its primary goals. A significant portion of all of the radiation
incident on the Earth from extra-solar sources in the Universe occurs at IR and FIR wave-
lengths. FIR astronomy is perfectly suited for studying the cold and dense regions of space
where stars form and allows us to study the evolution of distant galaxies. In this chapter, I
also introduced the technical details involved in Fourier transform spectroscopy as a tool to

study the spectral composition of light.

Throughout this thesis, we have seen that the SPIRE instrument measures the emission
from important atoms and molecules for studying the processes in the ISM that make it
possible for stars to form. Through the identification of CO, H,O, C1, and N 1T spectral
features extracted by the FF detailed in Chapter 3, the SPIRE Automated Feature Extrac-
tion Catalogue (SAFECAT) provides an excellent resource for astronomers looking to study
star formation. The line identification routine provides the atomic/molecular information
for over 150000 spectral features observed by the SPIRE FTS which all can be used to

study the physical processes that occur in the ISM and distant galaxies.

In the initial chapter of this thesis, we begin to see that the ability of a telescope to
resolve the difference between multiple sources is much more difficult at FIR wavelengths
than shorter wavelengths. Much larger telescopes for FIR observations are required to
achieve the same spatial resolution available to optical telescopes (Section 1.1.3). We have
seen in Chapter 4 that, while limited in its spatial resolution, SPIRE is capable of decou-
pling objects from surrounding emission via spectral resolution. We will also see in the
following section that current research is underway exploring new methods to overcome

this obstacle.
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In Chapter 2, the SPIRE FTS and the FF project are discussed as well as my contribu-
tions to the project. This discussion also establishes the FF as a powerful data mining aid
to accompany SPIRE FTS observations contained in the Herschel Science Archive (HSA).
Chapter 3 demonstrates the successful identification of the majority of spectral features ex-
tracted by the FF. This identification is the result of matching FF extracted spectral features
to a template line list containing 307 spectral features that are important to FIR astronomy
and are commonly found in SPIRE FTS observations. I have also shown that the informa-
tion provided by this line identification routine can be used to extract low Signal to Noise

Ratio (SNR) features that are nominally not included in the FF catalogue.

In Chapter 4, we have seen that the off-axis detectors of sparsely sampled single-
pointing observations of the SPIRE FTS contain a wealth of spectral information despite
the majority of sources being point-like. The application of the FF to the spectra from
these off-axis detectors uncovers more than 29 000 spectral features to be aggregated to
SAFECAT. Of these, some 25000 features have radial velocity estimates (i.e., ~85% of
spectra) and more than 23 000 spectral features have been matched with atomic/molecular

signatures.

5.2 Future Work

The findings presented in this thesis provide an important basis for both the FF and
future FIR observing missions. In this section, we will discuss the next steps that will be
taken to conclude the bulk of the FF project and the future direction of FIR observational
instruments. This discussion of future missions includes one of the three European Space
Agency (ESA) candidates for the upcoming medium-size mission (MS5), the Space Infrared
Telescope for Cosmology and Astrophysics (SPICA). Also discussed is the application of

spatial-interferometry to FIR wavelengths.
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5.2.1 Next steps for the Feature Finder

The FF catalogue is currently in its second release [7] and does not yet include the
results presented in this thesis. These results are expected to be included in SAFECAT
by the end of 2019. The implementation of these results will require some infrastructure
work with the HSA in order to include the newly discovered features and atomic/molecular
source information to SAFECAT, and the ingestion of the presented postcards to the HSA
legacy archive that houses FF products. This will also involve the editing of current FF

documentation to include the technical details presented in this thesis.

The contributions to the FF project detailed in this thesis provide several avenues of
study to demonstrate the utility of the FF as a whole. The results of the line identifica-
tion routine provide an excellent tool for comparing the chemical composition of different
sources observed by the SPIRE FTS in large quantities. These results could easily be used
to compare observations that are categorized as point-like, extended, or a very large-scale
source (from a mapping observation) to determine expected atomic and molecular features
for each case. The velocity measurements from off-axis detectors provide an excellent
tool to probe for unexpected sources observed within the SPIRE FTS Field of View (FOV)

which occur at different radial velocities than the observational target.

The success of the FF is wholly dependent on its use by astronomers. Currently, several
papers are pending publication in the Monthly Notices of the Royal Astronomical Society
to present the technical details of the FF routine and SAFECAT. In this thesis a few exam-
ples of the utility of the FF have been presented, such as determining the rotation of NGC
891 (see Figure 4.11) and the decoupling of AFGL 4106 from the surrounding galactic cir-

rus (see Figure 4.10), but these are far from an exhaustive analysis. There is a substantial
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unexplored area for thorough demonstrations of the utility that the FF provides.

5.2.2 The Space Infrared Telescope for Cosmology and Astrophysics

The Space Infrared Telescope for Cosmology and Astrophysics (SPICA) mission pro-
posed for the upcoming M5 ESA mission is a massive step forward to improve on what
Herschel has revealed [136, 137]. SPICA will be a collaborative mission between the Japan
Aerospace Exploration Agency (JAXA), ESA, and NASA Jet Propulsion Laboratory (JPL)
[137] with a target launch date of 2032 [138]. In our discussion of Herschel in Chapter 1
we did not discuss that, unlike the Infrared Astronomical Satellite (IRAS), Infrared Space
Observatory (ISO), and Spitzer missions, the 3.5 m diameter primary mirror of the Herschel
space observatory was not actively cooled [46]. The Herschel mirror was passively cooled
to the operational range of 80-90 K making thermal emission from the telescope itself the
most dominant source of radiation to the cryogenic instruments [139]. In all SPIRE obser-

vations the telescope emission had to be accurately modelled and removed [139].

The SPICA mission provides a massive upgrade on previous FIR missions by providing
a mirror that is both large (2.6 m in diameter) and actively cooled to cryogenic tempera-
tures (less than 8 K) [136]. The SPICA design for a large cryogenic telescope provides an
improvement in spectral sensitivity more than two orders of magnitude better than that of

Herschel while still maintaining a similar spatial resolution [126, 136].

In this thesis we have discussed the N 11 3PPy fine-structure line that is commonly
found at high SNR in SPIRE FTS spectra. Chapter 3 has demonstrated that this feature is
particularly useful for measuring the properties of the ISM and galaxies. The prominence of
this feature in SPIRE FTS spectra has motivated the design of SPICA spectrometers which

aim to measure this spectral line out to a redshift of z = 3 (see Equation 2.2) [126].
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Herschel’s view of the filamentary structure of the ISM has sparked research into how
these structures form from the magnetic field present in the ISM and how they relate to
star formation [140]. One of the main science goals of the SPICA mission is to further
our understanding of how magnetic fields affect star formation in the ISM through imaging

polarimetry at FIR wavelengths [126].

Building on the great advancements in our understanding of star formation and distant
galaxies made by Herschel, SPICA will provide superbly sensitive observations of the FIR
Universe while maintaining excellent spatial resolution. The SPICA mission is the next
great step in the FIR astronomy legacy leading us closer to a full understanding of stellar

birth and galactic evolution.

5.2.3 Far-infrared Interferometry Missions

In Chapter 1 we have seen that in order to obtain the sub-arcsecond angular resolution
necessary to differentiate between newly forming planetary bodies ~ 1 AU from a stellar
object even the largest conceivable mirror that can be launched into space is insufficient
[26]. We have seen in Chapter 2 that even with the unprecedented 3.5 m diameter primary
mirror of Herschel, the SPIRE FTS could only obtain a spatial resolution of 9.5 arcseconds
in fully sampled mapping observations. In ground-based radio astronomy, the technique of
spatial interferometry has been used to overcome this issue of angular resolution at long
wavelengths [141]. In order to achieve the necessary resolution to observe planetary sys-
tems, understand the evolution of black holes in their host galaxies, and observe the forma-

tion of the first stars, a space-based FIR interferometry mission is needed [26, 142].

Spatial interferometry is a technique by which a formation of smaller-mirrored tele-
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scopes are used in place of a single large telescope. Through this technique, the angular
resolution of the telescope is limited by the distance, or baseline, between multiple receivers
rather than the size of the primary mirror of a single telescope [141]. The utility of this tech-
nique is best understood through an example. The massive Arecibo radio telescope has a
primary reflector that is ~ 300 m in diameter [143]. Using Equation 1.11, Arecibo would
obtain an angular resolution of ~ 0.013 arcseconds at 345 GHz. The Atacama Large Mil-
limeter/submillimeter Array (ALMA) (a radio interferometer) achieves a similar angular
resolution at this frequency using up to fifty smaller telescopes with 12 m diameter mirrors

at a baseline of ~ 244 m [144].

Currently both NASA and ESA have included the implementation of FIR interferometry
in their decadal plans [145, 26] and have proposed missions called the Space Infrared Inter-
ferometric Telescope (SPIRIT) [146, 147] and the Far Infrared Interferometer (FIRI) [26].
These proposals are in their early phases and a great deal of ground-based proof of concept
testing is underway [142, 148]. A space-based FIR spatial interferometer mission can pro-
vide a significantly greater spatial resolution than the largest Herschel-like telescope. This
increase in spatial resolution is necessary to answer some of the key questions facing FIR

astronomy concerning the formation of stellar systems and galaxy evolution.

5.3 Final Remarks

The contributions to Herschel-SPIRE via the FF and SAFECAT detailed in this thesis
provide easier access to a wealth of publicly available data comprised of spectroscopic
observations in the FIR within the Herschel Science Archive (HSA). This work provides
an important bridge to the next generation of FIR instruments. These contributions to the
Herschel SPIRE FTS Spectral Feature Finder (FF) provide an important data mining aid as

we seek to learn all that we can from the Herschel-SPIRE instrument.
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Appendix A
Spectral Feature Template

The full list of spectral features that compose the template used for line identification (see
Chapter 3). The template line list is comprised of 307 features from molecular and atomic
fine-structure transitions. The transition name, rest frequency vy, corresponding energy of
the upper state E,, and Einstein A coefficient A;; for each transition is given. The values
presented in this table are taken from a collection of databases: the National Institute of
Standards and Technology (NIST)/Lovas Atomic/molecular Spectra Database [92][93], the
Cologne Database for Molecular Spectroscopy (CDMS) [94], and the NASA Jet Propul-
sion Laboratory (JPL) sub-millimetre, millimetre and microwave spectral line catalogue
[95]. These lines are visually represented in Figure 3.1. For notes on the quantum numbers
see Section 3.1.

Table A.1: The template line list used to identify features extracted by the FF

Atom/Molecule  Quantum Numbers  vo [GHz] E, [K] A;; [s~]

CI 3PPy 492.1607 236  8x1078
CI 3p,-3P; 809.3420 625 2.7x1077
Cu 3P3,—Py 2 1900.5369 912 23x107°
N1 3PPy 1461.1314  70.1 2.1x10°°
CH* 1-0 835.1375  40.1 0.0064
CH* 2-1 1669.2813  120.2 0.061
p-H,0O 6(2,4) - 7(1,7) 488.4911 8673 1.3x1077
p-H,O 2(1,1) = 2(0,2) 752.0332 1369 0.007
p-H>0O 42,2) - 3(3,1) 916.1716 4543  0.00057
p-H,0 5(2,4) — 4(3,1) 970.3150  598.8  0.00089
p-H,0 2(0,2) - 1(1,1) 987.9267 100.8  0.0058
p-H,O 1(1,1) - 0(0,0) 1113.3430 534 0.018
p-H,0O 4(2,2) - 4(1,3) 1207.6388  454.3 0.028
p-H>0O 2(2,0) - 2(1,1) 1228.7887 195.9 0.019
o-H,0 1(1,0) - 1(0,1) 556.9360  26.7 0.0034
0-H,0 5(3,2) — 4(4,1) 620.7008 697.8  0.00011

Continued on next page
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A. SPECTRAL FEATURE TEMPLATE

Table A.1 - continued from previous page

Atom/Molecule Quantum Numbers ~ vo [GHz] E, [K] A;j [s7']
o-H,0 3(1,2) - 3(0,3) 1097.3647 215.2 0.016
o-H,0 3(1,2) - 2(2,1) 1153.1268 2152  0.0027
o-H,0O 3(2,1) - 3(1,2) 11629116 271.0 0.023
o-H,0O 5(2,3) = 5(1,4) 1410.7319  642.4 0.043
o-H,0O 2(2,1) = 2(1,2) 1661.0076  159.9 0.031
o-H,0O 2(1,2) - 1(0,1) 1669.9047  80.1 0.056
o-H,0 3(0,3) - 2(1,2) 1716.7696  162.5 0.05

HDO 111-000 893.6387  42.9 0.0083
H,'%0 1(1,0) — 1(0,1) 547.6764  60.5 0.0033
H,'80 1(1,1) = 0(0,0) 1101.6983  52.9 0.018

HF 1-0 1232.4762  59.1 0.024
HCN, v=0 6-5 531.7164  89.3 0.0072
HCN, v=0 7-6 620.3040  119.1 0.012
HCN, v=0 87 708.8770  153.1 0.017
HCN, v=0 9-8 797.4333 1914 0.025
HCN, v=0 10-9 885.9707  233.9 0.034
HCN, v=0 11-10 974.4872  280.7 0.046
HCN, v=0 12-11 1062.9807 331.7 0.06
HCN, v=0 13-12 1151.4491 386.9 0.076
HCN, v=0 1413 1239.8902  446.5 0.096
HCN, v=0 15— 14 1328.3084 510.2 0.039
HCN, v=0 16— 15 1416.6830 578.2 0.048
HCN, v=0 17-16 1505.0299  650.4 0.17
HCN, v=0 18-17 1593.3415  726.9 0.2
HCN, v=0 19-18 1681.6155 807.6 0.24
HCN, v=0 20-19 1769.8498  892.5 0.28
HCN, v=0 21-20 1858.0422  981.7 0.33
HCN, v2=1 6-1-51 531.6484 1113.7  0.0068
HCN, v2=1 61-5-1 5343399 11142  0.0069
HCN, v2=3 6-1-51 532.9930 3130.3  0.0065
HCN, v2=3 6-3-53 535.2362 31743  0.005
HCN, v2=3 61-5-1 538.5339 3131.3  0.0067
HCN, v3=1 6-5 528.0899 3105.6  0.007
H'3CN, v=0 6-5 517.9698  87.0 0.0066
H'3CN, v=0 7-6 604.2679  116.0 0.011
H'3CN, v=0 8—7 690.5521  149.2 0.016
H'3CN, v=0 9-8 776.8203  186.4 0.023
H!3CN, v=0 10-9 863.0706  227.9 0.032
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Atom/Molecule Quantum Numbers ~ vo [GHz] E, [K] A;j [s7']
H'3CN, v=0 11-10 9493011 273.4 0.042
H'3CN, v=0 12-11 1035.5096  323.1 0.055
H'3CN, v=0 13-12 1121.6941 376.9 0.07
H3CN, v=0 14-13 1207.8529  434.9 0.088
H!3CN, v=0 19-18 1638.1891  786.7 0.22
H'3CN, v=0 20-19 1724.1510  869.5 0.26
H'3CN, v=0 21-20 1810.0731 956.4 0.3
H'3CN, v=0 22-21 1895.9534 1047.3 0.35
H'3CN, v2=1 6-1-51 517.8180 1102.7  0.0063
H3CN, v2=1 61-5-1 520.3939 1103.2  0.0064
HNC, v=0 6-5 543.8976  91.4 0.008
HNC, v=0 7-6 634.5108 121.8 0.013
HNC, v=0 87 725.1073  156.6 0.019
HNC, v=0 9-8 815.6847  195.8 0.028
HNC, v=0 10-9 906.2405  239.3 0.038
HNC, v=0 11-10 996.7723  287.1 0.051
HNC, v=0 13-12 1177.7547  395.8 0.085
CO, v=0 4-3 461.0408 553  6.1x10°°
CO, v=0 5-4 576.2679  83.0 1.2x107?
CO, v=0 6-5 691.4731 1162 2.1x107°
CO, v=0 7-6 806.6518 1549 3.4x107°
CO, v=0 87 921.7997 199.1 5.1x1077
CO, v=0 9-8 1036.9124 2489 7.3x107°
CO, v=0 10-9 1151.9855 3042  0.0001
CO, v=0 11-10 1267.0145 365.0  0.00013
CO, v=0 12-11 1381.9951 431.3  0.00017
CO, v=0 13-12 1496.9229  503.1  0.00022
CO, v=0 14-13 1611.7935 580.5  0.00027
CO, v=0 15— 14 1726.6025 663.4  0.00034
CO, v=0 16— 15 1841.3455  751.7  0.0004
13co 4-3 440.7652 529 54x107°
13co 5-4 550.9263 793 1.1x1077
Bco 6-5 661.0672 111.1 1.9x107°
3co 7-6 771.1841 148.1  3x107°
Bco 8—7 881.2728 1904 4.5x107°
13co 9-38 991.3293 2379 6.4x107°
3co 10-9 1101.3496 290.8 8.9x107°
3co 11-10 1211.3296 348.9  0.00012
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3co 12-11 1321.2655 412.3  0.00015
3co 13-12 1431.1530 481.0  0.00019
13co 14-13 1540.9883 555.0  0.00024
13co 15-14 1650.7673 6342  0.0003
Bco 16-15 1760.4860 718.7  0.00036
3co 17-16 1870.1404 808.5  0.00043
c'70 415-325 4493947 539  2x1077
clo 5-4 561.7128 809 1.1x107°
cl7o 6-5 674.0094 1132 2x1073
cl7o 7-6 786.2808  151.0 3.2x107°
c'70 8—7 898.5230 194.1 4.8x107°
c'70 965-87.5 1010.7311 2426 4.2x10°8
cl70 1011.5-910.5 11229025 2965 9.2x107°
cl7o 1185-109.5  1235.0315 3558 3.1x1078
cl7o 129.5-1110.5 1347.1148 4204 2.8x10°8
Cc'80 4-3 439.0888 527 5.3x107°
Ccl80 5-4 548.8310 79.0 1.1x107°
cl80 6-5 658.5533 110.6 1.9x1077
cl80 7-6 768.2516 1475 3x107°
Ccl80 8—7 877.9219 189.6 4.5x107°
Cc'80 9-8 987.5604 237.0 6.4x107°
cl80 10-9 1097.1629 289.7 8.8x107°
c'®0 11-10 1206.7255 347.6  0.00012
c30 12-11 1316.2441 410.8  0.00015
Cc!80 13-12 14257149 479.2  0.00019
3¢l7o 415-325 429.1170 515 1.8x1077
3¢l7o 525-435 536.3678 772  1.1x1077
3¢l7o 1295-1110.5 1286.3764 4014 24x10°%
Bclio 1310.5-1211.5 1393.3680 4683 2.2x1078
B¢ 545-445 523.4842 754 2.1x1077
13¢i8o 655-555 628.1411 105.5 2.4x1077
NoH*, v=0 6-5 558.9665  93.9 0.012
NoH*, v=0 7-6 652.0956  125.2 0.019
NoH*, v=0 87 7452099  161.0 0.026
NoH™*, v=0 9-8 838.3073  201.2 0.038
NoH*, v=0 10-9 931.3857  245.9 0.052
NoH*, v=0 11-10 1024.4430  295.1 0.069
NoH*, v=0 12-11 1117.4771 348.7 0.09
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HCO™, v=0 6-5 535.0616  89.9 0.013
HCO™, v=0 7-6 624.2084 119.8 0.02
HCO™, v=0 87 7133412 154.1 0.03
HCO™, v=0 9-8 802.4582  192.6 0.043
HCO™, v=0 10-9 891.5573 2354 0.06
HCO™, v=0 11-10 980.6365 2824 0.08
HCO™, v=0 12-11 1069.6939  333.8 0.1
HCO™, v=0 13-12 1158.7272  389.4 0.13
HCOt, v=0 14-13 1247.7350  449.3 0.17
H!3COo* 6-5 520.4599  87.4 0.011
H3Cco* 7-6 607.1746  116.6 0.018
H'3Cco* 8—7 693.8763  149.9 0.028
H!3Cco* 9-8 780.5628  187.3 0.04
H'3COo™ 10-9 867.2324  229.0 0.055
HC!80* 6-5 510.9096  85.8 0.011
p-H,CO 6(2,4) —7(0,7) 4852276  120.7 1.5%x107°°
p-H,CO 7(0,7) — 6(0,6) 505.8337  97.4 0.0038
p-H,CO 7(2,6) — 6(2,5) 509.1462 1449  0.0036
p-H,CO 7(4.4) — 6(4,3) 509.8296 286.2  0.0026
p-H,CO 7(4,3) — 6(4,2) 509.8302 286.2  0.0026
p-H,CO 7(2,5) — 6(2,4) 513.0763 1454  0.0037
p-H,CO 8(0,8) — 7(0,7) 576.7083  125.1  0.0057
p-H,CO 8(2,7) — 7(2,6) 581.6118 172.8  0.0055
p-H,CO 8(6,3) — 7(6,2) 582.0708 548.7  0.0026
p-H,CO 8(4,5) - 7(4.,4) 582.7229  314.1  0.0044
p-H,CO 8(4,4) — 7(4,3) 582.7242  314.1  0.0044
p-H,CO 8(2,6) — 7(2.,5) 587.4537 173.5  0.0056
p-H,CO 9(0,9) — 8(0,8) 647.0818 1562  0.0081
p-H,CO 9(2,8) — 8(2,7) 653.9701  204.2 0.008
p-H,CO 9(6,4) — 8(6,3) 654.8382  580.2  0.0047
p-H,CO 9(4,6) — 8(4,5) 655.6399  345.6  0.0068
p-H,CO 9(4,5) — 8(4,4) 655.6437 3456  0.0068
p-H,CO 9(2,7) — 8(2,6) 662.2091  205.3  0.0083
p-H,CO 10(0,10) - 9(0,9)  716.9384  190.6 0.011
p-H,CO 102,9) - 9(2,8)  726.2083  239.1 0.011
p-H,CO 10(4,7)-9(4,6)  728.5831  380.6  0.0098
p-H,CO 10(4,6) —9(4,5) 7285916  380.6  0.0098
p-H,CO 10(2,8) —=9(2,7)  737.3427  240.7 0.012
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p-H,CO 11(0,11) — 10(0,10)  786.2849 2283  0.015
p-H,CO 11(2,10)— 10(2,9)  798.3134 2774  0.015
p-H,CO 11(2,9) - 102,8)  812.8314 2797  0.016
p-H,CO 12(0,12) = 11(0,11)  855.1513  269.4  0.019
p-H,CO 12(2,11) - 11(2,10)  870.2735 319.2  0.019
p-H,CO 12(2,10)— 11(2,9)  888.6291 3224  0.021
p-H,CO 13(0,13) — 12(0,12)  923.5878  313.7  0.024
p-H,CO 13(2,12) - 12(2,11)  942.0766 3644  0.025
p-H,CO 13(2,11) = 12(2,10)  964.6681 368.7  0.027
p-H,CO 14(0,14) — 13(0,13)  991.6601  361.3 0.03
p-H,CO 14(2,12) — 13(2,11)  1040.8651 418.6  0.034
p-H,CO 15(2,14) — 14(2,13)  1085.1676 465.1  0.038

0-H,CO 7(1,7) - 6(1,6) 491.9684  O91.1 0.0034
0-H,CO 7(5,2) - 6(5,1) 509.5621  376.7 0.0019
0-H,CO 7(5,3) - 6(5,2) 509.5621  376.7 0.0019
0-H,CO 7(3,5) —6(3,4) 510.1558  188.7 0.0032
0-H,CO 7(3,4) — 6(3,3) 510.2378  188.7 0.0032
0-H,CO 7(1,6) — 6(1,5) 525.6658  97.6 0.0042
0-H,CO 8(1,8) - 7(1,7) 561.8993  118.1 0.0052
0-H,CO 8(5,4)-7(5,3) 582.3821  404.6 0.0036
0-H,CO 8(5,3)-7(5,2) 582.3821  404.6 0.0036
0-H,CO 8(3,6) —7(3.5) 583.1446  216.7 0.0051
0-H,CO 8(3,5)-7(3,4) 583.3086  216.7 0.0051
0-H,CO 8(1,7) -7(1,6) 600.3306 126.4 0.0063
0-H,CO 9(1,9) — 8(1,8) 631.7028 1484 0.0075
0-H,CO 9(7,3) - 8(7,2) 654.4633  717.1 0.0033
0-H,CO 9(7,2) - 8(7,1) 654.4634  717.1 0.0033
0-H,CO 9(5,5) - 8(5.4) 655.2121  436.1 0.0058
0-H,CO 9(5.4) - 8(5,3) 655.2121  436.1 0.0058
0-H,CO 9(3,7) — 8(3,6) 656.1647  248.2 0.0075
0-H,CO 9(3,6) — 8(3,5) 656.4646  248.2 0.0075
0-H,CO 9(1,8) — 8(1,7) 674.8098  158.8 0.0091
0-H,CO 10(1,10) - 9(1,9)  701.3704  182.1 0.01

0-H,CO 10(5,6) - 9(5.5) 728.0535 471.0 0.0087
0-H,CO 10(5,5) - 9(5.,4) 728.0536  471.0 0.0087
0-H,CO 10(3,8) —9(3,7) 729.2126  283.2 0.011

0-H,CO 10(3,7) — 9(3,6) 729.7250  283.3 0.011

0-H,CO 10(1,9) - 9(1,8) 749.0719  194.8 0.013
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0-H,CO 11(1,11) - 10(1,10) 770.8961  219.1 0.014
0-H,CO 11(5,7) — 10(5,6) 800.9075  509.5 0.012
0-H,CO 11(3,9) — 10(3,8) 802.2824  321.7 0.014
0-H,CO 11(3,8) — 10(3,7) 803.1116  321.8 0.015
0-H,CO 11(1,10) — 10(1,9)  823.0828 234.3 0.017
oH,CO  12(1,12)—11(1,11) 8402757 2594  0.018
0-H,CO 12(3,10) - 11(3,9) 875.3662  363.7 0.019
0-H,CO 12(3,9) - 11(3,8) 876.6491 363.9 0.019
0-H,CO 12(1,11) - 11(1,10)  896.8051  277.3 0.022
0-H,CO 13(1,13) — 12(1,12)  909.5077  303.1 0.023
0-H,CO 13(3,11) — 12(3,10)  948.4538  409.2 0.025
0-H,CO 13(1,12) — 12(1,11) 970.1992  323.9 0.028
0-H,CO 14(1,14) — 13(1,13) 978.5924  350.0 0.028
0-H,CO 14(3,12) - 13(3,11) 1021.5331 458.3 0.031
0-H,CO 14(3,11) — 13(3,10) 1024.2886 458.6 0.031
oH,CO  14(1,13)—13(1,12) 10432229 3740  0.034
0-H,CO 15(3,13) - 14(3,12) 1094.5899 510.8 0.038
0-H,CO 16(3,14) - 15(3,13) 1167.6085 566.8 0.047

p-HoS 5(3,3) - 6(0,6) 493.0849 3516 1.1x1077
p-HoS 3(3,1) - 3(2,2) 568.0506 166.0 0.00038
p-HaS 4(2,2) - 4(1,3) 665.3937 245.1 0.00074
p-HaS 2(0,2) - 1(1,1) 687.3034 54.7 0.00092
p-HoS 3(2,2) - 3(1,3) 747.3019 138.7 0.00067
p-HoS 3(1,3) - 2(0,2) 1002.7787 102.8 0.0038
p-HaS 4(1,3) - 4(0,4) 1018.3473 213.1 0.0014
o-H,S 2(2,1)-2(1,2) 505.5652 59.6 0.00024
o-H,»S 7(5,2) -7(4,3) 555.2540  707.9 0.00073
o-H)S 5(3,2) - 5(2,3) 611.4416  359.7 0.00073
o-H»S 4(4,1) - 4(3,2) 650.3742  261.7 0.00055
o-H,S 3(1,2) — 3(0,3) 708.4704 117.0 0.00059
o-H,S 2(1,2) - 1(0,1) 736.0341 353 0.0013
o-H,»S 4(3,2) - 4(2,3) 765.9379  230.5 0.001
o-H»S 3(0,3) — 2(1,2) 993.1018 83.0 0.0037
o-H»S 5(2,3) - 5(1,4) 993.1018  330.3 0.002
0-H,S 6(4,3) - 6(3,4) 1025.8844 497.3 0.0026
o-H,S 4(2,3) -4(1,4) 1026.5112 193.8 0.0014
o-H,»S 2(2,1)-1(1,0) 1072.8365 59.6 0.0041
o-H»S 3(1,2) - 2(2,1) 1196.0121 117.0 0.0028
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CS, v=0-4 101-91 486.2010 1958.7  0.0024
CS, v=0-4 100-90 489.7509 1293  0.0025
CS, v=0-4 111-101 534.7840 1984.4  0.0032
CS, v=0-4 110-100 538.6890  155.1  0.0033
CS, v=0-4 120-110 587.6165 183.3  0.0043
CS, v=0-4 130-120 636.5324 2139  0.0055
CS, v=0-4 140-130 685.4359 246.8  0.0069
CS, v=0-4 150-140 7343259  282.0  0.0086
CS, v=0-4 160-150 783.2015  319.6 0.01
CS, v=0-4 170-160 832.0617  359.6 0.013
CS, v=0-4 180-170 880.9056  401.8 0.015
CS, v=0-4 190-180 929.7321  446.5 0.018
CS, v=0-4 200-190 978.5404  493.4 0.02
CS, v=0-4 210-200 1027.3295 542.7 0.024
CS, v=0-4 220-210 1076.0984  594.4 0.027
CS, v=0-4 230-220 1124.8461 648.4 0.031
CS, v=0-4 240-230 1173.5718  704.7 0.035
CS, v=0-4 250-240 1222.2744  763.3 0.04
CS, v=0-4 260-250 12709529  824.3 0.045

13¢s, v=0,1 110-100 508.5347 146.5  0.0028
13¢s, v=0,1 120-110 554.7257  173.1  0.0037
13¢s, v=0,1 130-120 600.9065 201.9  0.0047
13¢s, v=0,1 150-140 693.2337 2662  0.0072
13¢s, v=0,1 160-150 739.3785 301.7  0.0088
13¢s, v=0,1 170-160 785.5096  339.4 0.011
13¢s, v=0,1 180-170 831.6261  379.3 0.013
13¢s, v=0,1 190-180 877.7272  421.5 0.015
13¢s, v=0,1 200-190 923.8120  465.8 0.017
13¢s, v=0,1 210-200 969.8797 512.4 0.02
13¢s, v=0,1 220-210 1015.9294  561.1 0.023
Si0, v=0-10 121-111 517.2597 1930.5  0.0075
Si0, v=0-10 120-110 520.8811 162.5  0.0076
Si0, v=0-10 130-120 564.2490 189.6  0.0097
Si0, v=0-10 140-130 607.6076  218.8 0.012
Si0, v=0-10 150-140 650.9561  250.0 0.015
Si0, v=0-10 160-150 694.2939  283.3 0.018
Si0, v=0-10 170-160 737.6202  318.7 0.022
Si0, v=0-10 180-170 780.9346  356.2 0.026
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Si0, v=0-10 190-180 824.2359  395.8 0.03
Si0, v=0-10 200-190 867.5236 4374 0.036
Si10, v=0-10 210-200 910.7969  481.1 0.041
Si10, v=0-10 220-210 954.0551 526.9 0.048
Si0, v=0-10 230-220 997.2976  574.8 0.054
Si0, v=0-10 240-230 1040.5236  624.7 0.062
Si0, v=0-10 250-240 1083.7324  676.7 0.07
Si10, v=0-10 260-250 1126.9233  730.8 0.079
Si0, v=0-10 270-260 1170.0955 786.9 0.088
Si0, v=0-10 280-270 1213.2484 845.2 0.098

SO, v=0 7(7) - 6(7) 487.7083 71.0 1.7x107
SO, v=0 43) - 1(2) 504.6763 28.7 1.6x107°
SO, v=0 12(11) - 11(10) 514.8537 167.6 0.0018
SO, v=0 12(12) - 11(11) 516.3358 174.2 0.0018
SO, v=0 12(13) - 11(12) 517.3545 165.8 0.0018
SO, v=0 8(8) —7(8) 527.9412 87.5 1.8x107
SO, v=0 13(12) — 12(11) 558.0876 194.4 0.0023
SO, v=0 13(13) - 12(12) 559.3197 201.1 0.0023
SO, v=0 13(14) — 12(13) 560.1786 192.7 0.0023
SO, v=0 9(9) - 8(9) 568.7414  106.1 1.9x107°
SO, v=0 14(13) — 13(12) 601.2584 223.2 0.0029
SO, v=0 14(14) — 13(13) 602.2930 230.0 0.0029
SO, v=0 14(15) — 13(14) 603.0216  221.6 0.0029
SO, v=0 10(10) — 9(10) 609.9601 126.7 2% 107
SO, v=0 54)-203) 611.5524 38.6 1.5x107
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Appendix B

Spectral Feature Finder Line
Identification Results

The line identification routine, as described in Chapter 3, is presented broken down by
molecule and transitional states in this appendix. This line identification has been applied
to all publicly available SPIRE FTS observations including the spectra from off-axis de-
tectors in sparse observations, the central detectors in sparse observations, and in mapping
observations.

In the following figures, a histogram of the number of identifications of each specific
transition is marked by the orange bars. The larger blue bars mark the sum of all these
individual transitions for each atomic/molecular species. Each atom/molecule is ordered by
the normalized number of detections. White space is used to ensure each figure maintains
the same bin width and vertical scale. It is also used to ensure that the lines identified in a
single atomic/molecular species are not broken up over multiple figures.
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Figure B.1: Figure detailed in the text of the appendix.
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Appendix C

Off-Axis Postcard Examples

Postcards that emphasize the FF results from off-axis detectors in sparsely sampled single-
pointing observations from SPIRE FTS are described in Chapter 4. In this appendix, I will
briefly discuss a few example postcards and off-axis results from observations of the SPIRE
FTS.

C.1 NGC 6334, Observation ID 1342214829

Object: NGC6334_off, Obsid: 1342214829
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Figure C.1: Off-Axis postcard for the SPIRE FTS observation of the source NGC 6334

Observation ID 1342214828 is of an ionized hydrogen region [89] at sky coordinates:
Right Ascencion (RA) 17:20:39.15, Declination (Dec) -35:43:43.80 and provides an excel-
lent example of an observation with more spectral content in the off-axis detectors than the
central detectors. There is a single publication involving this source reported on the HSA.
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C.3. NGC 3256, OBSERVATION ID 1342214845

C.2 NGC 3256, Observation ID 1342201201

Object: NGC3256, Obsid: 1342201201
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Figure C.2: Off-Axis postcard for the SPIRE FTS observation of the source NGC 3256

Observation ID 1342201201 is of interacting galaxies [89] at sky coordinates: RA
10:27:51.18, Dec -43:54:14.21. This observation provides an example of a point-like source
with significant emission in the central pixel but no spectral features in off-axis detectors.
The single line extracted by the FF from off-axis detectors may be a spurious detection.
There are 15 publications concerning this observation reported on the HSA.

C.3 NGC 3256, Observation ID 1342214845

Object: SgrAst, Obsid: 1342214845
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Figure C.3: Off-Axis postcard for the SPIRE FTS observation of the Galactic centre
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C.5.1C443C, OBSERVATION ID 1342216885

Observation ID 1342214845 is of the galactic centre, Sagittarius A* [89], at sky coor-
dinates: RA 17:20:39.15, Dec -35:43:43.80. In this observation, there is bright line-filled
emission across the entirety of the FTS footprint which provides a velocity map for almost

the entirety of the observation. There is a single publication related to this observation re-
ported on the HSA.

C.4 RCW 82 1IRS 2, Observation ID 1342204903

Object: rcw82irs2, Obsid: 1342204903
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Figure C.4: Off-Axis postcard for the SPIRE FTS observation of the source RCW 82 IRS
2.

Observation ID 1342204903 is of an IR source at the sky coordinates: RA 13:59:3.31,
Dec -61:22:17.25. RCW 82 is an ionized hydrogen region centred nearby [89]. The SPIRE
FTS observation has a high degree of emission in off-axis detectors from the extended
source with a prominent N II feature in several spectra. Molecular emission is seen in what
appears to be the rotational CO ladder however a reliable velocity is not obtained by the
12CO radial velocity estimating routine. There are no known publications involving this
observation recorded in the HSA.
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C.5.1C443C, OBSERVATION ID 1342216885

C.5 IC443C, Observation ID 1342216885

Object: IC443C, Obsid: 1342216885
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Figure C.5: Off-Axis postcard for the SPIRE FTS observation of the source RCW 82 IRS
2.

Observation ID 1342216885 is of a supernova remnant [89] and is at the sky coordi-
nates: RA 06:17:52.45, Dec +22:21:28.7. Extended molecular emission about the central
source is apparent and velocity estimates from the '>CO routine are often capable of find-
ing all 10 in-band CO features for some off-axis detectors. This observation provides an
example of mapping postcard in which no photometer map of the source can be found.
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Appendix D

Useful Derivations

D.1 Stars and star formation
D.1.1 Equilibrium of a single monatomic cloud
The following treatment follows a similar path to that of Dyson [14].

We begin with a spherically symmetric gas cloud, a single spherical shell of thickness
dr in the cloud at some radius r. The mass of the shell is

dM(r) = 4nr’p(r)dr [kgl, (D.1)

where p(r) is the density of the gas as a function of radius r. We will take the only forces
on the cloud to be its internal pressure, self-gravity and surface pressure from an external
medium. For equilibrium to hold we require that the gravitational force on the shell, due to
a mass M (r), must be balanced by some differential pressure across the shell, dP(r). As the
pressure must push against the gravitational collapse, the pressure must decrease outward.
We now write the equilibrium condition,

—GM(r)dM(r)
r2

4nr? dP(r) = [N]. (D.2)

3

Introducing the enclosed volume, V (r) = %nr we can write

—GM(r)dM(r)

3V (r)dP(r) = [7]. (D.3)

We now integrate from the centre of the cloud where the pressure is P to the edge of
radius R, and where the pressure is equal to the external pressure P,

3 / PSV(r)dP(r) = / Y GM(aM -, (D.4)
Py 0

r

where M. is the total mass of the cloud.

We can further our analysis by integrating the left hand side of the equation by parts to
give

Py Ve
3 / V(r)dP(r) = 3V,P,—3 / Pav [, (D.5)
P 0

157



D.2. FOURIER ANALYSIS

where V,. as the total volume of the cloud.

Using the internal energy of a monatomic cloud per unit volume and the ideal gas law,

3NKT 3 )
we can rewrite the above integral
7 2 Ve o)
/ PdV = —/ edvV ==-T [J]], (D.7)
0 3Jo 3

where 7 is the thermal energy content of the cloud.

The right hand side of Equation D.4 is the gravitational self-energy, Q, allowing us to
finally write the equilibrium condition:

3VePs=27T+Q [J]. (D.8)

D.2 Fourier analysis
D.2.1 Convolution theorem proof

Consider two arbitrary function f(x) and g(x) and their Fourier transform pairs F (k)
and G (k). The convolution of the Fourier transform pairs is,

_ / " F(O)G(z— k) dk. (D.9)

The inverse Fourier transform of H(z) is,

/ dze2 { / ZF dk} (D.10)

:/ dkF (k { G(z—k) ’2nzxdz}. (D.11)

—o0

Substituting u = z — k we obtain

= / deF(k) { / O;G(u)eizn(”k)xdz} (D.12)
= / O;F(k)eiznkxdk / O;G(u)eizn”xdu (D.13)
x)g(x). (D.14)
Thus we see that,
FHF (k) +Gk)} = f(x)g(x) (D.15)
F{f(x)gx)} = F(k)* G(k) (D.16)
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D.2.2 Fourier transform of a top-hat function
For a top-hat function of width 2L,

1 —L<z<4+L
u(i) - sisHh (D.17)
2L 0 otherwise

The Fourier transform of u (i) is as follows,

2L
U(c) = /oo " (i) ¢~i2M0 4 (D.18)
) \2L '
L )
_ / ¢~ 20 g (D.19)
L
1 ) L
-— (e i “Z"LL) (D.20)
1 i i
— _ZZTCG (6 2nGL _62E6L> (D21)
2L ei27‘CGL o efi27wL
= D.22
To2L < 2i ) ( )
2L
= 5 —sin(2nLo) (D.23)
= 2Lsinc(2Lo) (D.24)

D.2.3 An introduction to obliquity effects
More complication to the line profile of an FTS instrument is introduced by the fi-
nite width of the entry aperture. The ideal situation of two plane waves interfering breaks
down in a laboratory environment where a large aperture is required to get a measurable
amount of radiation to the detector introducing a range of angles off of the optical axis. The
path differences for the collimated beams of light extend over a range of values defined by
zcos 0, where o is the angle at which the light is off of the optical axis. The infinitesimal
interference fringe intensity for a particular frequency at an OPD of z and obliquity angle
o is
dI = cos(2mozcos ) dQ2, (D.25)
where dQ is an infinitesimal increment of solid angle at oblique angle o [57]. With the
second order small angle approximation (i.e. cos ~ 1 —a?/2) Equation D.25 can be

written )

dI = cos <2mz {1 - %} ) aQ [W/m?]. (D.26)

The solid angle of a circular aperture at the focus of the mirror that collimates the input
to the interferometer is related to the angle alpha by

2
o Q

—_= D.27
2 21 ( )
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Integrating Equation D.26 over an aperture that extends to £,,,

I(z) = /0 > di(z) = /0 " cos (2ncz [1 - %D aQ  [W/m?]
1(z) = Qsinc (%) cos (chz [1 — 2—7’:]) [W/m?].

Equation D.28 demonstrates two effects produced by the finite aperture. The first is a
change of scale in both z and © by a factor of (1 —,,/4x). The second effect is a ¢ depen-
dent sinc function envelope on the interferogram.

(D.28)

The result of both the limiting OPD and finite aperture size of the instrument gives a
characteristic ILS, O(G), where the spectrum is convolved with sinc(2Lc) and a top hat
function (See Equation 1.26) with a width of 6pQ,, /2,

0(c) = {Q 2 ( 2no

om u o ) ] * [2Lsinc(2Lo)]. (D.29)

For a demonstration of these effects see Figure D.1
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Interferogram Spectrum

Ideal ILS

Finite OPD

Off-Axis Rays

Measured Signal

Figure D.1: The consequences of a limiting OPD and off-axis light entering the interferom-
eter on the ideal line profile of an FTS in both the measured interferogram and its Fourier
reciprocal spectral domain. The full measured signal is shown in orange on the bottom
panels.
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Appendix E
Low SNR Search Routine Code

Presented in this appendix is an example of the Jython scripts written for the Herschel In-
teractive Processing Environment (HIPE) to find low Signal to Noise Ratio (SNR) features
from the line identification routine as detailed in Chapter 3. This script makes use of exist-
ing function from the Herschel SPIRE FTS Spectral Feature Finder (FF) [7]. This particular
script is designed to work on mapping observations of the SPIRE FTS.

#this script looks for low SNR features that the FF may have missed
from herschel.share.unit import *

from java.lang.Math import PI

import os

¢ = Constant.SPEED_OF LIGHT.value/1000.0

type = 'mapping’ #point, ext, mapping
if type == 'mapping’:
pathFF = mainP + 'FFv2_release_25Sep2018/HR%s/featureCatalogues/’ % (type)
else:
pathFF = mainP + 'FFv2_release_255ep2018/HR%sProducts/featureCatalogues/’
5 (type)
pathCont = mainP +
"FFv2_release_255ep2018/HR%sProducts/continuumSpectrum/’ % (type)
pathContParms = mainP +
"FFv2_release_255ep2018/HR%sProducts/continuumParameters/’ % (type)

if type == 'ext’:
suf = "ext’
elif type == 'point’:
suf = "pnt’
#specProbs = []
mainP = "/home/cbenson/remote/TBdrive/FF_lineID/"

outTabDir = mainP + ’line_id/Mapping/SecondPass02/’

inputPath = mainP + ’line_id/Mapping/Output2/’

#Tolerance [GHz] for ano

eps2 = 0.4 #higher than intitial ID since we’re looking at lower snr lines,
harder to fit properly
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E. LOW SNR SEARCH ROUTINE CODE

gOfFRng

3 #range used by GofF to take the stats

#pathFF = mainP + 'FFv2_release_25Sep2018\\HR\\’

#where function file is located

functionsF = mainP+’ featureFinderFunctionsV22_v4_CBl.py’
execfile (functionsF)

estimateRedshift = 2

snrCut = 2.0 #final cut using final noise estimate from full residual

snrCap = 500. #Highest SNR allowed for the initial guess
snrRange = [4.0,25.0] #(GHz) range either side of feature for final noise
estimate

avoid = 10 #(GHz) excludes the ends of the bands by this width

mergeRadius = 20.0 #(GHz) merge radius for preliminary features found

flagWidths = [8.0, 8.0, 6.0, 4.0, 2.0, 2.0] #(GHz) HALF the width of region
flagged for feature found

snrThresholds = [100.0, 50.0, 30.0, 10.0, 5.0, 2.0] #SNR thresholds for
finding to loop over

flagWidths+=flagWidths

snrThresholds+=snrThresholds

signs = ['pos’]*len(snrThresholds)

signs+= ['neg’]*len(snrThresholds)

extraConstraints = False

subtractBaseline=False

resampleResolution = 5.0 #(GHz) for continuum fitting only

jumpThreshold = 3.5 #minimum jump (in RMS) to flag for continuum fitting only

baselineOrder = 3 #order of poly used for final SNR estimate

fwhm=None

polyOrder=3

##Set checkCutResults to a snrThreshold if you want to check the
corresponding

##mid-cut residual and totalModel *produced for 1st detector in 1st obsid
only*

checkCutResults = False

#checkCutResults = snrThresholds([3]

##1. Check the initial peak position

testCheckFit = 0

##2. Check both spectral max and min

testMaxMinAmp = 0

##3. Set to attempt an estimate of the source redshift

##Set to: 0 to turn off; 1 to use redshiftl function; 2 to use redshift2
function

estimateRedshift = 2

##4. & 5. Set to test notoriously blended lines with two sinc profiles

testNeutralC = 0
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ALLFreqgs =
Doubleld([461.0407682,576.2679305,691.4730763,806.6518060,921.7997000,\
1036.9123930,1151.9854520,1267.0144860,1381.9951050,1496.92290901])
#array with the difference patern for 12CO lines
refArray = ALLFreqs - ALLFreqs[0]

HHEFE A

#maxFitThresh = 30.0 #SNR above which the check will be performed
maxFitThresh = 5.0 #SNR above which the check will be performed
sampleRange = 3.0

window = 20.0

#Pick a method for resampling: ’'gaussian’, ’trapezoidal’, or 'euler’
resampScheme = 'trapezoidal’

if testMaxMinAmp:

testCheckFit = 1
if testNeutralC:

testCheckFit =1

SLWFregs =

Doubleld([461.0407682,576.2679305,691.4730763,806.6518060,921.7997000])
SSWFregs = Doubleld([1036.9123930,1151.9854520,1267.0144860,1381.9951050,\
1496.9229090])

##SET THE MAXIMUM NUMBER OF ITERATIONS FOR THE SPECTRUM FITTER
maxIter=None
maxIter = 500

limitValue = 2. #To prevent features racing off or jumping outside of the
frequency bands
checkValue = 2. #To remove features moved too far

apod = False

FHEHHFEE AR AR R R R R R R R
iEi&id 3. Gof\\ToFE options FH#
FHEHHHEE R AR R R R R R R R

#Now turned on as default#

###GoF
testGofFfinal = 1
testGofFcut = 0
testGofFcutLines=0

###TOFE
testFitEvidence = 1
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13 limitFitEvidence = True

114 plotFitEvidence = False

115 verboseFitEvidence = False

116 useWeights = False

117

118

o HEEEFEHHEF A R R Functions
tHEF AR R R

121 #removes isotope numbers from a molecule, for checking isotopologues
22 def formatMol (mol):

123 newStrM = '/

124 isoNum = False

125 cc = -1

126 for char in mol:

127 cc+=1

128 if isoNum:

129 if char.isdigit():

130 continue

131 else:

132 isoNum = False

133 if char == -’

134 #following characters may be istope number, terminates with
another-

135 if isoNum:

136 isoNum = False

137 else:

138 isoNum = True

139 elif char.islower():

140 if cc+l < len(mol):

141 if mol[cc+l]=="-":

142 continue

143 else:

144 newStrM += char

145 else:

146 newStrM += char

147 elif char == ',":

148 break

149 else:

150 newStrM += char

151 return newStrM

152
153 #returns the count of a given atom in a molecule
154 def atomCount (mol, atom):

155 if mol.find(atom) == -1:

156 numAtom = 0

157 else:

158 numAtom = mol [mol.find(atom)+1]
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if numAtom.isdigit():
numAtom = int (numAtom) + (mol.count (atom)-1)
else:
numAtom = 1
return numAtom

#Removes the continuum from a spectrum
def continuumSub (specIn, cont):
#fitter = SpectrumFitter (specIn, False)

#fcontCoeff = [cont.meta[’p0’].value, cont.metal[’pl’].value, \
# cont.meta[’'p2’].value, cont.meta[’p3’].value]
#fitter

specOut = speclIn.copy ()

specOut.setFlux (specOut.flux-cont.flux)
specOut.setDescription (/' Continuum subtracted spectrum’)
return specOut

HHEHEHEFF AR F AR A H A 44 F Main Execution
HHEF R R R R R

templateSm = asciiTableReader (mainP +
"line_id/data/CSV_smallerLinelist.csv’,\
tableType='ADVANCED’, columnNames=True)
molecs = []
#develop a list of individual molecules (to later find all transitions)
for mol in templateSm[’Species’].data:
if mol not in molecs:
molecs.append (mol)
#Determine Isotopologues for each molecule
isotopDic = {}
for mol in molecs:
#extract atomic onformation ignoring isotope numbers and versions
newStrM = formatMol (mol)
#A dict to give isotopologues for each molecule
isotopDic[mol] = []

#iterate through other molecules
for mol2 in molecs:
if mol2 == mol:
continue
newStrM2 = formatMol (mol2)
if newStrM2 == newStrM:
isotopDic[mol].append(mol2)
#Deuterium is a bit of a pain, add HDO to H20 and vice versa
if newStrM == "H20’:
isotopDic[mol] .append(’HDO")
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205 if newStrM == "HDO’:

206 isotopDic[mol] .append (' p-H20")

207 for isotop in isotopDic[’p-H20']:
208 if isotop == "HDO':

200 continue

210 isotopDic[mol].append(isotop)

212 #Get the observation list
213 obsidL = []
214 for £l in os.listdir (inputPath):

215 oid = fl.split(’_")[0]
216 if oid not in obsidL:
217 obsidL.append(oid)

218 #obsidlL = []
219 #for lineIdFile in os.listdir (mainP+’\\line_id\\outputPoint\\’):

20 # if ('restFrame.csv’ not in lineIdFile):

»n # continue

m # else:

»3 obsidL.append(lineldFile.split(’'_") [0])

24 hpdpObs = []
»s  hpdpFileNames = []
26 for fln in os.listdir (mainP+’line 1id/HPDP/’):

227 oid = fln.split(’_") [0]
28 hpdpObs . append (0id)
229 hpdpFileNames.append (fln)

231 f#open up the line ID results and the FF results
2 for obsid in obsidL:

233 System.gc ()
234 obsid = str(obsid)
235 #if obsid != "1342188670":
236 # continue
237 rer
238 try:
239 lineID_f = mainP + ’'line_1id\\CalOut\\%s_restFrame_cal_ed.csv’ % (obsid)
240 lineIdRes = asciiTableReader (1inelID_f, tableType=’ADVANCED’,
skipRows=3)
241 except TaskException:
242 try:
243 lineID_f = mainP + ’line_1id\\CalOut\\%s_restFrame_cal_ed.csv’
% (obsid)
244 lineIdRes = asciiTableReader (lineID_f, tableType='ADVANCED',
skipRows=3)
245 except:
246 continue
247 rer
248 if (obsid == ’"1342227778") or (obsid[:3] == "100") or (obsid[:3] ==
"200") :
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N

#We’ 11 worry about this later
continue

else:

lineID_f = inputPath + ’%s_restFrame_map.csv’ $%(obsid)

if os.path.isfile(lineID_f) == False:
if os.path.isfile(inputPath + ’'%s_restFrame_map.csv’ %obsid):

continue #no lines in this file

lineIdRes = asciiTableReader (1ineID_f, tableType=’'ADVANCED’,
skipRows=3)

OutFF = simpleFitsReader (pathFF+’%s_featuresFound_%s.fits’ % (obsid,
suf))

#load in continuum

contPTab = simpleFitsReader (pathCont+obsid+’_continuum_%$s.fits’ $%suf)

contParms =simpleFitsReader (\

pathContParms+obsid+’ _fittedContinuumParameters_%s.fits’ $suf)

calibObs = outFF[’data’].meta[’calibration’].value
if obsid in hpdpObs:

obs_h = simpleFitsReader (\
mainP+’ line_1id/HPDP/’ +hpdpFileNames [hpdpObs.index (obsid) ])

hpdp = True

else:
obs_h = getObservation (obsid, useHsa=True)
hpdp = False

#Number of snrThresholds to iterate over
len(snrThresholds)

#Copy over the ID'd line table to add more
newLineTab = lineIdRes.copy ()

#H##4##Start with SLW spectrum
nSLW = len(lineIdRes[’c5’].data.where (\
lineIdRes[’c5’].data == "SLWC3’).toIntld())
if nSLW != 0:
det = 'SLWC3’
#grab the correct spectrum

if hpdp:
specIn = obs_h[’0000"]["SLWC3"]
else:
specIn = obs_h.refs["level2"].product.refs["HR _spectrum_%s"$type]\

.product ["0000"] ["SLWC3"]
#Modifications to the spectrum
cont = contPTab[’0000"][’SLWC3"]
specOut = continuumSub (specIn, cont)
continuumParams = [contParms|["data"]["p0"].data[0],

contParms["data"] ["pl"].data[0], contParms["data"]["p2"].datal[0],

contParms["data"] ["p3"].data[0]]

168



E. LOW SNR SEARCH ROUTINE CODE

293

294 #list of identified molecules

295 molecs = []

296 detIs = linelIdRes[’c5’].data.where(lineIdRes[’c5’].data == ’'SLWC3’)

297 for rr in detIs.toIntld():

208 mol = lineIdRes[’c3’].datalrr]

299 if mol not in molecs:

300 molecs.append(mol)

301 #already ID'd feature frequencies

302 features = lineIdRes[’cl’].data[detIs]

303 missedFeatures = []

304 missedMolTrans = []

305

306 #first look for any missing lines

307 for mol in molecs:

308 inds = templateSm[’Species’].data.where (templateSm[’Species’].data

== mol)

309 #find how many you expect in the band

310 lowF = specOut[’wave’].data[0] + avoid

311 highF = specOut[’wave’].data[-1] - avoid

312 lineFregs = templateSm[’Frequency’].data[inds] /1000

313 filterl = lineFreqgs.where(lineFreqgs>=1owF)

314 filter2 = lineFreqgs[filterl].where(lineFregs[filterl]<=highF)

315 bandFreqs = lineFregs[filterl] [filter2]

316 #now iterate through expected lines find any missing ones

317 for freq in bandFregs:

318 #identify any missing lines

319 if freq not in lineIdRes[’c2’].data:

320 #applying the appropriate redshift

31 vel = outFF["data"].meta[’radVelEstimate’].value

322 shiftF = freq/(vel/c + 1)

323 #skip if line has been shifted out the band

34 if (shiftF > highF) or (shiftF < lowF):

325 continue

326 #some tolerance, if a liner within .3 GHZ is identified we
will skip it

327 templF = linelIdRes[’cl’].data[detIs]

328 closestF = templF [min(range (len(templF)), key=lambda i:
abs (templF[i]-shiftF))]

329 if abs(closestF-shiftF) <= 0.3:

330 continue

31 #add on the missing one

33 features.append(shiftF)

333 missedFeatures.append(shiftF)

334 rowl = templateSm[’Frequency’].data.where (\

335 templateSm[’Frequency’].data/1000 == freq)

336 molStr = mol + templateSm[’QuantumNumbers’].data[rowI][0]

337 #if molStr not in molStr:
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338 missedMolTrans.append (molStr)

339

340 flags = {’SLWC3’:{’pl’:Doubleld(),’fL’ :Doubleld(),’ fR’ :Doubleld()},\

341 "SSWD4' : {"pl’ :Doubleld(),’ fL’ :Doubleld(),’ fR’ :Doubleld() }}

342

343 #now run the feature finder, at the lowest snr cut add the expected
missing features

344 featuresFound, snrs, snrslter, cutFeatures, cutSnrs, cutSnrslter,
thresholds, \

345 cutThresholds, finalModelArray, finalResidualArray, fitter,
continuumModel, \

346 sincModels, cutSincModels, featuresErr, cutFeaturesErr,
initialContinuumArray, \

347 peaks, cutPeaks, cutContinuumValues, outputInitialFeatureFreq, \

348 cutOutputInitialFeatureFreq, indexFeatures, cutIndexFeatures,\

349 threshSincs, threshResiduals, threshTotalModels, \

350 gOfFthreshold, linesForGofFthresholds, allSnrForGofFthresholds, \

351 expectedFreq, zEstimate, \

352 flags, cutSnrs2, cutSnrs3,\

353 residualDet, residualDet?2, residualDet3 = \

354 catalogueFeatures (specIn, snrThresholds, signs, \

355 jumpThreshold, det, flags, \

356 resampleResolution=resampleResolution, \

357 flagWidths=flagWidths, \

358 polyOrder=polyOrder, snrCut=snrCut,

snrRange=snrRange, \
359 mergeRadius=mergeRadius, subtractBaseline=True, \

360 baselineOrder=baselineOrder, checkCutResults =
checkCutResults, \

361 avoid=avoid, snrCap=snrCap,
testGofFcut=testGofFcut, \

362 testCheckFit=testCheckFit, \

363 testNeutralC=testNeutralC, \

364 estimateRedshift=estimateRedshift, \
365 testGofFcutLines=testGofFcutLines, \
366 maxIter=maxIter,limitValue=limitValue, \
367 checkValue=checkValue, \

368 apod=apod, extraFeats=missedFeatures)
369

370 if len(featuresFound) ==

371 #specProbs.append (obsid)

37 continue

373 #The goodness of fit Flags

374 #Get the continuum from the results

375 param = continuumModel.getFittedParameters/()

376 paramError = continuumModel.getFittedStdDev ()

377 poly = PolynomialModel (polyOrder)

378 poly.setParameters (param)
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conl = poly(specIn.wave)

#continuum[0] [det].flux = conl

specInSub = specIn.copy ()

specInSub.flux = specInSub.flux-conl

gOfFdet = gOfF (cutFeatures, specInSub, cutSincModels, rng=gOfFRng)
gOfFflagsOut = getGofFflags (gOfFdet)

if limitFitEvidence:
if len(Doubleld(cutFeatures)) > 35:
print ’Number of features found for $%$s %s is > 35, so skipping
fitEvidence’% (obsid, det)
odds = Doubleld((Doubleld(cutFeatures)).size)-99.0
result = odds
else:
result, odds =
fitEvidence (specIn,Doubleld(cutFeatures),normalise=True,
plotIt=plotFitEvidence, verbose=verboseFitEvidence,
useWeights=useWeights, polyOrder=polyOrder)
else:
result, odds =
fitEvidence (specIn,Doubleld(cutFeatures),normalise=True,
plotIt=plotFitEvidence, verbose=verboseFitEvidence,
useWeights=useWeights, polyOrder=polyOrder)
combinedFlags = getCombinedFlags (gOfFdet, result)
###find the closest features to the missing ones
mm = -1
for missedF in missedFeatures:
mm += 1
fitF_i = min(range(len(cutFeatures)), key=lambda 1i:
abs (cutFeatures[i]-missedF))
foundSnr = snrs[fitF_i]
featFlag = combinedFlags[fitF_i]
if foundSnr < 2:
continue
if abs(missedF-cutFeatures[fitF_i]) <= eps2:
#get info to build the row to append
measF = cutFeatures[fitF_i]
restF = (vel/c + 1)*measF
#get back the molecule and the transition
molStr = "/
transStr =
molT = True
for char in missedMolTrans[mm]:
if molT:
molStr += char
if molStr in molecs:
molT = False

rr

else:
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419 transStr += char

420 fget template frequency

421 tempRowsl =
templateSm[’ Species’].data.where (templateSm[’ Species’].data
== molStr)

422 tempRows2 =
templateSm[’QuantumNumbers’].data[tempRowsl] .where (\

423 templateSm[’ QuantumNumbers’].data[tempRowsl] ==

transStr)

424 tempFreq =
templateSm[’Frequency’].data[tempRowsl] [tempRows2][0]/1000

425 print 'New line Id, %s, at SNR %f’ % (missedMolTrans[mm],
foundSnr)

426 if newLineTab[’c8’].data[0] == 0:

427 newLineTab.addRow ([restF, measF, tempFreq, molStr,

transStr, ’'SLWC3’, featFlag, foundSnr, -127)
428 else:
429 newLineTab.addRow ([restF, measF, tempFreq, molStr,
transStr, ’SLWC3’, featFlag, foundSnr, "!’])

430

431 ####Repeat the process for SSW

432 nSSW = len(lineIdRes[’c5’].data.where (\

433 lineIdRes[’c5’].data == "SSWD4’) .toIntld())

434 det = " SSWD4’

435 if nSSW != 0:

436 #grab the correct spectrum

437 if hpdp:

438 specIn = obs_h[’0000"]["SSWD4"]

439 else:

440 specIn = obs_h.refs["level2"].product)\

441 .refs["HR_spectrum_%s"%type] .product ["0000"] ["SSWD4"]

42 #Modifications to the spectrum

443 cont = contPTab[’0000"][’SSWD4’ ]

444 specOut = continuumSub (specIn, cont)

445 #The second entry is for SSWD4

446 continuumParams = [contParms["data"]["p0"].data[l],

contParms["data"] ["pl"].datal[l]

, contParms|["data"]["p2"].datal[l],
contParms["data"] ["p3"].data[l]]

447

448 #list of identified molecules

449 molecs = []

450 detIs = linelIdRes[’c5’].data.where(lineIdRes[’c5’].data == "SSWD4’)
451 for rr in detIs.toIntld():

452 mol = lineIdRes[’c3’].datalrr]

453 if mol not in molecs:

454 molecs.append (mol)

455 #already ID'd feature frequencies

456 features = linelIdRes[’cl’].data[detIs]
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missedFeatures
missedMolTrans

(]
(]

#first look for any missing lines
for mol in molecs:
inds = templateSm[’Species’].data.where (templateSm[’Species’].data
== mol)
#find how many you expect in the band
lowF = specOut[’wave’].data[0] + avoid
highF = specOut[’wave’].data[-1] - avoid
lineFreqs = templateSm[’Frequency’].data[inds]/1000
filterl lineFreqgs.where (lineFreqgs>=1owF)
filter2 lineFreqgs[filterl].where(lineFreqgs[filterl]<=highF)
bandFreqs = lineFreqgs[filterl][filter2]
#now iterate through expected lines find any missing ones
for freq in bandFregs:

#identify any missing lines
if freq not in lineIdRes[’c2’].data:

#applying the appropriate redshift

vel = outFF["data"].meta[’'radVelEstimate’].value

shiftF = freq/(vel/c + 1)

#skip if line has been shifted out the band

if (shiftF > highF) or (shiftF < lowF):
continue

#some tolerance, if a liner within .3 GHZ is identified we
will skip it

templF = linelIdRes[’cl’].data[detIs]

closestF = templF[min (range (len(templF)), key=lambda 1i:
abs (templF[i]-shiftF))]

if abs(closestF-shiftF) <= 0.3:
continue

tadd on the missing one

features.append(shiftF)

missedFeatures.append (shiftF)

rowl = templateSm[’Frequency’].data\

.where (templateSm[’/Frequency’].data/1000 == freq)

molStr = mol + templateSm[’QuantumNumbers’].data[rowI][0]

#if molStr not in molStr:

missedMolTrans.append (molStr)

flags = {/SLWC3’:{’pl’:Doubleld(),’ fL’ :Doubleld(),’ fR’ :Doubleld()},\
"SSWD4" : {’pl’ :Doubleld(),’ fL" :Doubleld(),’ fR" :Doubleld() }}
#now run the feature finder, at the lowest snr cut add the expected
missing features
featuresFound, snrs, snrslter, cutFeatures, cutSnrs, cutSnrslter,
thresholds, \
cutThresholds, finalModelArray, finalResidualArray, fitter,

173



E. LOW SNR SEARCH ROUTINE CODE

continuumModel, \

500 sincModels, cutSincModels, featuresErr, cutFeaturesErr,
initialContinuumArray, \

501 peaks, cutPeaks, cutContinuumValues, outputInitialFeatureFreq, \

502 cutOutputInitialFeatureFreq, indexFeatures, cutIndexFeatures,\

503 threshSincs, threshResiduals, threshTotalModels, \

504 gOfFthreshold, linesForGofFthresholds, allSnrForGofFthresholds, \

505 expectedFreq, zEstimate, \

506 flags, cutSnrs2, cutSnrs3,\

507 residualDet, residualDet2, residualDet3 = \

508 catalogueFeatures (specIn, snrThresholds, signs, \

509 jumpThreshold, det, flags, \

510 resampleResolution=resampleResolution, \

s flagWidths=flagWidths, \

512 polyOrder=polyOrder, snrCut=snrCut,

snrRange=snrRange, \
513 mergeRadius=mergeRadius, subtractBaseline=True, \
514 baselineOrder=baselineOrder, checkCutResults =
checkCutResults, \

515 avoid=avoid, snrCap=snrCap, \

516 testGofFcut=testGofFcut, \

517 testCheckFit=testCheckFit, \

518 testNeutralC=testNeutralC, \

519 estimateRedshift=estimateRedshift, \

520 testGofFcutLines=testGofFcutLines, \

521 maxIter=maxIter,limitValue=limitValue, \

52 checkValue=checkValue, \

523 apod=apod, extraFeats=missedFeatures)

524 if len(featuresFound) ==

525 #specProbs.append (obsid)

526 continue

527 #The goodness of fit Flags

528 #Get the continuum from the results

529 param = continuumModel.getFittedParameters/()

530 paramError = continuumModel.getFittedStdDev ()

s31 poly = PolynomialModel (polyOrder)

532 poly.setParameters (param)

533 conl = poly (specln.wave)

534 #continuum([0] [det].flux = conl

535 specInSub = specIn.copy ()

536 specInSub. flux = specInSub.flux-conl

537 gOfFdet = gOfF (cutFeatures, specInSub,cutSincModels, rng=gOfFRng)

538 gOfFflagsOut = getGofFflags (gOfFdet)

539

540 if limitFitEvidence:

541 if len(Doubleld(cutFeatures)) > 35:

542 print ’Number of features found for %s %s is > 35, so skipping

fitEvidence’% (obsid, det)
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543 odds = Doubleld((Doubleld(cutFeatures)).size)-99.0
544 result = odds

545 else:

546 result, odds =

fitEvidence (specIn,Doubleld(cutFeatures),normalise=True,
plotIt=plotFitEvidence, verbose=verboseFitEvidence,
useWeights=useWeights, polyOrder=polyOrder)

547 else:
548 result, odds =
fitEvidence (specIn,Doubleld(cutFeatures),normalise=True,
plotIt=plotFitEvidence, verbose=verboseFitEvidence,
useWeights=useWeights, polyOrder=polyOrder)
549 combinedFlags = getCombinedFlags (gOfFdet, result)
550 ###find the closest features to the missing ones
551 mm = -1
552 for missedF in missedFeatures:
553 mm += 1
554 fitF_i = min(range(len(cutFeatures)), key=lambda 1i:
abs (cutFeatures[i]-missedF))
555 foundSnr = snrs[fitF_1i]
556 featFlag = combinedFlags[fitF_i]
557 if foundSnr < 2:
558 continue
559 if abs(missedF-cutFeatures[fitF_i]) <= eps2:
560 #get info to build the row to append
561 measF = cutFeatures[fitF_1i]
562 restF = (vel/c + 1)*measF
563 #get back the molecule and the transition
564 molStr = '/
565 transStr = '’
566 molT = True
567 for char in missedMolTrans[mm]:
568 if molT:
569 molStr += char
570 if molStr in templateSm[’Species’].data:
571 molT = False
572 else:
573 transStr += char
574 #get template frequency
575 tempRowsl =
templateSm[’ Species’].data.where (templateSm[’ Species’].data
== molStr)
576 tempRows2 =
templateSm[’QuantumNumbers’].data[tempRowsl] .where (\
577 templateSm[’QuantumNumbers’].data[tempRowsl] ==
transStr)
578 tempFreq =

templateSm[’Frequency’].data[tempRowsl] [tempRows2] [0]/1000
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579

580

581

582

E. LOW SNR SEARCH ROUTINE CODE

[

print 'New line Id, %s, at SNR %f’ % (missedMolTrans[mm],
foundSnr)
if newLineTab[’c8’].data[0] == 0:
newLineTab.addRow ([restF, measF, tempFreq, molStr,
transStr, ’'SSWD4’, featFlag, foundSnr, -127)
else:
newLineTab.addRow ([restF, measF, tempFreq, molStr,
transStr, ’SSWD4’, featFlag, foundSnr, "!’])
#save the new output file
asciiTableWriter (table=newLineTab,
file=outTabDir+’ %$s_restFrame_added.csv’ % (obsid))
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