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Abstract

Cataloguing Wolf Rayet stars in galaxies within 30Mpc is vital for proving or disproving
the theory that Wolf Rayet stars are progenitors of type Ib and Ic supernovae. I present
a spectroscopic survey looking for Wolf Rayet stars in NGC6744. 1 used spectroscopy
from the Gemini-South Multi Object Spectrograph to analyse 25 objects in a region in
the South East of NGC 6744. These objects include candidate Wolf Rayet stars and HII
regions. From this, I report spectroscopic confirmation of 35 Wolf-Rayet stars within 7
Hell emission-line sources, of which 17 have WC subtypes and 18 have WN subtypes.
In addition, I present a new measurement for the metallicity gradient of NGC 6744 of
Log(O/H)+ 12 = 8.73(+0.06) — 0.30(+0.06) X R/ R,5 using strong line methods, where

R/ R,; is the fraction of the isophotal radius.
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Chapter 1

Introduction

Over the past few decades the commonly held theory that Wolf Rayet (hereafter WR) stars
undergo core collapse as type Ib or Ic supernovae has come into question, due a growing
lack of clear WR progenitor star identifications. In order to investigate this theory more
thoroughly, surveys of galaxies within 30Mpc have been undertaken to classify their WR
content and serve as a catalogue for identifying the progenitor stars of future type Ib and
Ic supernovae (which I will refer to as Ibc supernovae when referring to these two groups
combined). I have undertaken a spectroscopic survey of NGC6744 to add to this catalogue

and investigate metallicity in HII regions across the galaxy.

1.1 Wolf Rayet Stars

Classical WR stars are massive, evolved stars with stripped envelopes. They evolve from
O stars of 20M, and above. Generally, theory focuses on single star scenarios where the
stripping of the envelope is facilitated by strong stellar winds. These winds are optically
thick and the gas they expel from the envelope forms an extended ionised region around
the star. The spectra of these stars feature broad helium emission lines from the surface of
the core, which has been revealed through removal of the hydrogen envelope (Crowther,

2007).



There are 2 main categories of non-classical WR star. The first occurs in interact-
ing binary systems. These stars strip their envelopes through interactions such as Roche
lobe overflow. This case will be discussed in Section[I.1.4] The second category of non-
classical WR star are extremely massive stars that display helium emission and hydrogen
emission while still on the main sequence. These are thought to still be hydrogen core-
burning and have WR features due to extreme wind speeds (Yusof et al., 2013). As they

have not evolved off the main sequence, these are not true WR stars.

1.1.1 WR Evolution

The current theory most widely accepted for the evolution of WR stars is called the Conti
Scenario. First proposed in [Conti| (1975)) and revised versions presented in Maeder &
Conti/(1994) and Maeder (1996)), the theory states that post Main Sequence O stars evolve
through various stages including some or all of Blue Supergiant (BSG); Red Supergiant
(RSG); Large Blue Variable (LBV); and WR stages before undergoing core collapse as
supernovae. Different initial masses of star result in different evolutionary pathways, as
shown in Figure [I.1] The Conti Scenario, therefore, explains why some O stars display
WR features and why some WN stars display WC features; these stars are all at different
stages of the same evolutionary pathways.

There are 3 main subtypes of WR star: WN, WC and WO. These are identified by their
nitrogen, carbon and oxygen emission lines, respectively. These elements are products of
hydrogen burning within the star’s core. Alongside helium emission, WN stars display
evidence of their previous core hydrogen burning that has been revealed with the removal
of the envelope, primarily in their nitrogen abundances. WC stars display evidence of core
helium burning in the carbon abundances(Smith & Willis, |1982). Additionally, there is a
group of WN stars with strong carbon features; these are considered to be stars transition-
ing between WN and WC stages and are called WN/C stars (Maeder & Conti, |1994)). The

strongest optical lines in WC spectra are generally broader than those in WN spectra. This
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Figure 1.1: The Conti scenario for evolutionary pathways of WR stars of different initial

masses (Maeder, |1996)).

makes them easier to identify in data with high foreground extinction. Additionally, WN
stars with higher luminosity tend to have weaker emission lines due to them having larger
amounts of hydrogen remaining (Crowther (2007)). Both of these characteristics lead to an
observational bias towards WC stars in interference filter imaging surveys.

The subtypes of WR star are also subdivided into numbered excitation types. Stars
are sorted into these types based on the ratios of emission lines apparent in their spectra
(Crowther et al.|[1998]; [Smith et al.|1994; Smith et al.|1996)). WN types are numbered from
2to 11, WC from 4 to 9 and WO from 1 to 4. Early type and late type categorisation of
WR stars relates to their excitation. Early type (E) being the high excitation group and late
type (L) being the low excitation group (van der Hucht et al.,|1981). In other words, early

type WR stars have higher temperatures and therefore exhibit higher ionisation levels.

1.1.2 WR Winds

WR stars have powerful winds which create their characteristic spectra. These were first
theorised in 1929 (Beals,|1929) and subsequently observed in 1967 (Morton, 1967). These
winds are radiatively driven by pressure from photons within the stellar atmosphere. The

commonly accepted model for this process is that presented in |Castor et al.| (1975), who



showed theoretically that the force from emission lines within the star could create stellar
winds strong enough to strip the stellar envelope from a high mass star. The WR star with
the most powerful known winds has winds of velocity 5750kms~! (Drew et al., 2004).
However, more usually WR stars display wind velocities between 700 and 2200 km/s. For
a full table of average wind velocities for each WR subtype see Table 2 in|Crowther (2007)
which compiles wind velocities fromHerald et al. (1999); Crowther et al.|(2002)); Barniske
et al.| (2006); Crowther et al.| (2006); and Hamann et al.| (2006).

Moens et al.| (2022) have recently shown that a two-part mechanism can be used to
recreate WR-style winds in a 3D numerical model. This model uses radiation driven winds
close to the stellar core that transition to line driven winds further out. They suggest that

the boundary point where a star transitions from optically thin to optically thick winds

L*

occurs at ~ 0.4. In other words, the transition point from optically thin to optically

Edd
thick winds for helium stars occurs when the stellar luminosity is > 40% of the Eddington

luminosity.

1.1.3 Maetallicity Dependence

The WR stellar winds are theoretically metallicity dependent. Within a lower metallicity
environment (i.e. the Small Magellanic Cloud) fewer stars enter the WR phase compared
to a solar or super-solar metallicity environment. This is because at higher metallicities,
the stellar winds that strip the hydrogen envelope can occur in stars which have a lower
initial mass. These strong stellar winds begin at lower initial mass when there is more iron
within the atmosphere of the star (Sander, 2022; Vinkl, 2022).

The ratio of WN to WC and WO stars is also metallicity dependent: The initial mass re-
quired for a star to evolve to carbon and oxygen burning decreases as metallicity increases
(Aguilera-Dena et al., 2022). The strong stellar winds which create the WR spectrum ac-
tivate at a lower initial mass when the star is formed in a higher metallicity environment.

However, Shenar et al.|(2020)) show that the binary fraction of WR stars is metallicity



independent, suggesting that both WN and WC stars are affected equally by binary inter-
actions. This implies that initial mass is the strongest factor in deciding the subtype of WR

stars, regardless of whether they are single star or multiple star systems.

1.1.4 Binarity

While it is known a certain percentage of WR stars are in binary systems and a differ-
ent percentage will interact, the effects of these are difficult to determine. Dsilva et al.

(2020, 2022) find the binary fraction of galactic WR stars to be dependent on subtype,

+0.04

with WC stars generally having a binary fraction of 0.967

and long periods; and WNE

6+0.20

stars generally having a binary fraction 0.567 75

and short periods.

Sana et al. (2012) predict that 70% of stars that are initially O-type will interact with a
companion and 40-50% will either be stripped of their envelope or accrete significant mass
during these interactions. [Sana et al. (2012) also find that 33% of initially O-type stars
are stripped enough through interactions to undergo core collapse as hydrogen deficient
type Ibc or type IIb supernovae. Whether or not all WR stars have or will interact with a
binary companion, binary interaction clearly has some impact on massive star evolution.

On the other hand, |Shenar et al.| (2020) argue that envelope stripping on its own is
not enough to result in a WR spectrum. Indeed, in order to display the broad emission
lines characteristic of a WR star, the star must have both a stripped envelope as well as
powerful stellar winds. Stars with only a stripped envelope and no winds will not have WR
spectra. For example, a hot subdwarf star which lost its hydrogen envelope in a commmon

envelope phase would be a stripped envelope helium star without the characteristic WR

winds (Saffer et al.,|1994; [Han et al., [2010).



1.1.5 Supernova Progenitors

Type Ib and Ic supernovae lack either hydrogen or both hydrogen and helium in their
spectra, respectively. For this reason, WR stars are considered potential type Ibc super-
nova progenitors. In Fig[I.2]it is shown how stripped envelope stars can correspond to
hydrogen-deficient supernova spectra. Fig[l.3] shows that WR stars have large enough
initial mass to form a type Ibc supernova upon core collapse.

Heger et al.[(2003) used non-rotating models of single stars between 9M  and 300M
and evolved them to find their remnants (see Fig[I.4) and supernova properties (see Fig.
[1.3). They assumed that stars with a final mass < 65 M, underwent core collapse and those
with 65M  — 135M underwent pair instability collapse. Under these circumstances,
the figures show that for massive stars at low metallicity with no hydrogen envelope the
majority of remnants should be black holes, and therefore invisible to direct observation.
This changes at higher metallicity with neutron star remnants dominating.

Direct observational evidence for WR progenitors is lacking (Eldridge et al., 2013;
Van Dykl| 2017). Supernovae are much brighter than individual stars and so can be detected
at much greater distances where progenitor stars are undetectable. Additionally, where
progenitor stars have been identified in pre-supernova imaging it is difficult to confirm
they are a WR star due to a lack of spectroscopy.

For some supernovae, such as type Ib supernovae iPTF13bvn and 2019yvr, the data
available supports a helium star in a binary system (Cao et al., 2013} Eldridge & Maund,
2016} Kilpatrick et al., 2021). Other supernovae have confirmed progenitors that do not fit
known WR models such as type Ic supernova 2017ein (Kilpatrick et al., 2018; Dyk et al.,
2018)). Alternatively, where supernova characteristics do support a WR progenitor no pro-
genitor has been identified in pre-imaging, preventing the confirmation of the hypothesis
(Gal-Yam et al., 2022).

In particular, SN iPTF13bvn is interesting because of the breadth of investigation and

conclusions drawn from it. Cao et al.|(2013) use archival HST imaging to derive colour and
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luminosity for an identified progenitor star and concluded these properties were consistent
with a WR star. |Groh et al. (2013) used Geneva single star models to predict the progenitor
properties and found them consistent with a massive, single star, but the predicted ejecta
mass derived was too high. In contrast, |Bersten et al.| (2014} find the progenitor to be
consistent with a binary star system using their models.

For supernovae occurring in galaxies that have been observed before, progenitor iden-
tification is done by analysing pre-supernova imaging. Some supernovae have pre-imaging
that can be used to investigate their progenitor properties (Eldridge et al., 2013)). However,
the depth of the pre-supernova imaging can be inaccurate in regards to WR stars as the
effect of line dilution and absorption from the surrounding stellar population can mask
WR emission lines (Pledger et al., 2021). Therefore, WR stars can evade detection even

in imaging which is otherwise good enough to detect them.

1.1.6 'WR Surveys

Since the first WR stars were identified in 1867 there have been various attempts to cata-
logue them both within and without the Milky Way. For WR stars within the Galaxy, the
most recently published full catalogue was [van der Hucht (2001)) though there have been
many subsequent individual discoveries bringing the number of known WR stars in the
galaxy to 667 ﬂ

For WR stars outside of the galaxy, there have been several surveys. Of particular
interest are the surveys of the spiral galaxies NGC 5068, with 32 confirmed WR stars,
(Bibby & Crowther,|2012) and M 101, with an initial 10 confirmed WR stars (Shara et al.,
2013|Pledger et al., 2018)). Further surveys are referenced within (Hadfield & Crowther,
2008)) and (Neugent & Massey, 2019), however, it is beyond the scope of this work to

compare all of them.

'An  up to date catalogue is maintained by  Prof. Crowther  at

https://pacrowther.staff.shef.ac.uk/WRcat/index.php
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Table 1.1: Properties of NGC6744 according to literature.

Property Value Reference
RA 19h09m41s Koribalski et al.| (2004)
Dec -63d51°47" Koribalski et al.| (2004])
Distance 9.39+0.43Mpc Anand et al.| (2021)
Metallicity 8.75 (£0.04)* Pilyugin et al.| (2006)
Inclination 5342 deg Lang et al. (2020)
Position Angle  14.0+0.2 deg Lang et al.| (2020)
Structure SAB(r)bc de Vaucouleurs et al. (1991)
Stellar Mass 22E"M Sabbi et al.[(2018)

*Found from the least squares fit to a plot of Log (O/H) + 12 metallicity distribution

1.2 NGC6744

NGC6744 1s an isolated galaxy at 9.4 + 0.4 Mpc (Anand et al.,[2021]) with a single dwarf
galaxy companion NGC6744a (Yew et al., 2018). Ryder (1995) found it to have a par-
ticularly steep metallicity gradient, with values of 124+Log(O/H) > 9.2 in the center of
the galaxy and < 8.5 in the furthest parts of the spiral arms where O/H is the number of
oxygen atoms per hydrogen atom.

NGC6744 has been described as a Milky Way twin due to its flocculent spiral arms
and its slightly extended bulge, though the Milky Way has a more peanut shaped bulge
(Yew et al.,2018)). Silva et al.|(2018) studied emitting regions in NGC6744 which they at-
tribute to ionisation from the jets of a low luminosity AGN, a feature corroborated by Yew
et al.[(2018). [Yew et al.[|(2018)) discovered 2 supernova remnants; 5 candidate supernova
remnants; and calculated a Star Formation Rate (SFR) of 2.8 — 4.7M Oyr“. This agrees
within error with the SFR of 3.15Myr~! found by using the flux data from (Kennicutt
et al., 2008) and the method described in (Kennicutt, |[1998)).

12



Figure 1.5: A broad band image of NGC6744 taken with the ESO DanishB Telescope in
the B-band filter (Larsen & Richtler, [1999). It is oriented North up and East left. The
Field of View (FoV)is 13.7° x 13.7".
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1.2.1 SN 2005at

In 2005 a type Ic supernova was observed in NGC6744. There is a single paper investigat-
ing its properties from Kankare et al.|(2014) who are unable place hard limits upon the pro-
genitor’s characteristics because all but 3 epochs of the original observations at Bronberg
Observatory have been lost. However, various late time observations are still available.
They note that extinction in the environment of SN 2005 at is high, A, = 1.9 + 0.1mag,
which is likely due to the high amounts of dust in NGC6744. Kankare et al.| also discover
a potential WR cluster within 0.22” of the SN position in pre and post supernova imaging.

No other supernova has been observed in NGC6744 since 2005, though |Yew et al.

(2018) found evidence of older supernova remnants.

1.3 Motivation

Pre-supernova imaging is vital for correctly identifying a supernova progenitor, however,
broad-band imaging does not allow for identification of WR stars due to the dilution of
the emission lines. This means that most pre-supernova imaging is unable to determine if
a progenitor has WR properties. In order to test the theory regarding Type Ibc supernova
progenitors, a catalogue of WR stars in galaxies where the properties of WR stars may be
directly measured is the most effective method. Given that the WR phase generally lasts
for 0.5Myr, the assumption is that in order to observe one going supernova within a 5
year period, and therefore confirm the type Ibc progenitor scenario, a catalogue of at least
100’000 WR stars is needed.

This work adds to the body of WR surveys discussed in Section[I.1.6] In addition, this

work presents metallicities and fluxes for the target regions.
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Chapter 2

Method

2.1 Multi-Object Spectroscopy

2.1.1 Data Collection

The spectral data were taken over the period of 13.06.2009 to 24.08.2009 under project ID
GS-2009A-Q-20 (PI: Paul Crowther) using the Gemini Multi Object Spectrograph (hence-
forth GMOS) at the Gemini-South telescope. They are available from the Gemini Science
Archive ﬂ The data contains 6 MOS masks in total, with the masks 4, 5 and 6 targeting
NGC6744 and masks 1, 2 and 3 targeting NGC5068. There are a total of 84 targets within
NGC6744. In this work I reduced one mask, Mask 05.

WR candidates were chosen by comparing Very Large Telescope (VLT) data taken
with the FOcal Reducer and low dispersion Spectrograph (FORS1). These images were
taken in narrow band filters focused on 414686 and A4750. The continuum filter, 44750,
was subtracted from the Hell filter, 14686, to highlight Hell emission line sources which
were then analysed to find candidate WR stars. The WR candidates display a wide range of
magnitudes, some sources required long exposures and others much shorter ones. There-

fore, the brighter sources were imaged in Masks 4 and 6 and the fainter sources in Mask

Thttps://archive.gemini.edu/searchform/GS-2009A-Q-20
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Table 2.1: This Table shows the number of targets, exposure time and region targeted by

each mask and the coordinates and exposure time of each standard star.

Object Mask Region Exposure Time (s)  No. Targets
NGC 6744 Mask 4 South East 430x 2 26
Mask 5 South East 1400 x 2 28
Mask 6 North West 430x 2 30
Object RA Dec Exposure Time (s)  Candidates
EG21 3h 10m 30.9s -68:36:02.20 30 Standard Star
LTT1020 1h 54m 50.2s -27:28:35.70 120 Standard Star

5. Mask 4 and Mask 5 observed targets in the South East region of the galaxy and Mask
6 observed the North West region.

Some of the science targets are HII regions that were selected in order to calculate the
metallicity across the galaxy and fill out the spaces in the mask. In addition, three of the
slits on each mask were used for accurate position finding. These slits are not counted in
the total targets list. The slits on science targets were 1" in width.

For each mask, the galaxy was observed at two central wavelengths, 510nm and 530nm.
The Gemini-South telescope was fitted with the EEV CCD, at the time, which was made
up of 3 chips and thus had 2 chip gaps. The two offset central wavelengths were used to
cover the extent of these chip gaps in case any diagnostic emission lines fell in that region.

Masks 4 and 6 have 2 exposures, one for each central wavelength (see Table [2.1).
Mask 5 was observed on an additional evening which means it has an additional exposure
available, however, the seeing deteriorated quickly on that evening which prevented further

observations.

16



Figure 2.1: g-filter GMOS pre-imaging of NGC 6744 with the finding chart overplotted.

It shows the 25 science targets, 3 finding stars and the two chip gaps. The chip gaps are
shaded in blue and the finding stars are indicated by pink diamonds. Red circles show the
highest priority candidates (the faintest WR stars), blue triangles the medium priority and

green squares the lowest priority.
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2.1.2 Data Reduction
Bias Subtraction

Zero time exposures with no illumination are taken throughout the observing run as part
of normal operating procedure. These exposures are called bias frames and are used to
remove the bias level added prevent negative pixels in the image when read out from the
instrument. A mean bias image was created for each observing night by combining the bias
frames taken over the evening using the Gemini IRAF GBIAS routine. There were a large
quantity of images so I created lists of the relevant filenames using the IRAF HSELECT
command. These lists of image names were then written to text files and used to automate
creating the bias frames. These combined bias images are then subtracted from the science

images.

Flat Field

The GCAL instrument is used to create evenly illuminated but featureless images that are
used to calculate the response to light across the telescope detectors. These is used to re-
move the effects of dust and other imperfections from the science images. These exposures
are called flat fields. A flat field image was taken for each of the two central wavelengths
on each observing night. I used the Gemini IRAF GSFLAT routine on these flat field im-
ages to create calibration files. In order to create an effective calibration GSFLAT was run
interactively so that the order of the fit could be adjusted (see Figs [2.2] and [2.3)). Where
the dashed line followed the solid line, the fit was good. I aimed for the lowest order of
fit possible, which was generally between 15 and 25. The science data was divided by the

flat field calibration to remove the artefacts from across the CCD.

Extraction

Once the bias and flat field calibration images were created, I then reduced the data using

the Gemini IRAF GSREDUCE routine. This applied the bias, flat field and gain corrections.

18



Figure 2.2: This figure shows a poor fit to the flat field being calibrated with GSFLAT with
the solid line plotting the data and the dotted line plotting the fit. The low order of fit
underestimates the local maxima which results in part of the fit being plotted to the left of

the actual data.

Figure 2.3: Fitting the flat field correction with GSFLAT. The dotted line shows the fit and
the solid line shows the data. The left side of the spectrum has large amounts of noise

from second order contamination.
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GSREDUCE also calls the GMOSAIC and GSCUT routines to combine the 3 chips of the CCD
(see Fig [2.4) and cut the resulting image into slits according to the Mask Definition File
(MDF) (see Fig. [2.1). The slits were extracted using the NOAO IRAF TWODSPEC APALL
routine. To do this, I identified a visually bright feature in each spectrum and used its x
pixel co-ordinates to select it within the APALL routine window (see Fig[2.5a). Then I
adjusted the width of the extraction area so that it fit the feature and identified areas to use
as background (see Fig[2.5b). The fit to the data is also adjusted interactively (see Figs
[2.5d). An example output spectrum is shown in Fig Only the science spectra

and standard star spectra were background subtracted; the calibration spectra were not.

Wavelength Calibration

In addition to bias subtraction and flat fielding, the data must be calibrated to ensure the
pixels of the spectrum correlate with the correct wavelength. This is done by comparing
a spectrum of a lamp with well known emission lines with that of the science data. These
known lines can then be matched to those in the science data and used to convert the pixel
scale to Angstroms. For the GMOS-S instrument the lamp used is a CuAr arc lamp.

Initially, I planned to wavelength calibrate the data before extracting it, however, the
GSWAVELENGTH routine in the Gemini IRAF package does not run when the data input
have different dimensions, which was a problem I did not have time to solve. Therefore, I
used the NOAO IRAF APALL routine to extract the spectra first and then used the IDEN-
TIFY and DISPCOR routines to apply the calibration.

I identified the emission lines in the CuAr arcs by eye, comparing to the standard line
pattern for the grating used provided to me by my supervisor. Once these lines were iden-
tified, the IDENTIFY routine calculated the offset between the pixel scale and Angstroms to
create the wavelength calibration. For the science data, I repeated this process but using
the REIDENTIFY routine, which runs the identify routine with another spectrum as a refer-

ence. For my reference spectra I used the arc extracted from the same slit as the spectrum

21



1000

aperture = 1 beim =1 center = 24,92 low = -5,54 upper = b,84

(a) This figure shows a feature to be extracted using APALL. The horizontal bar shows

the upper and lower selection limits. The y axis is measured in counts and the x axis in

pixels.

(b) The bars at the bottom of the plot show the areas selected for use as background. The
y axis is measured in counts and the x axis in pixels. The dashed line shows the calculated

background level.

Figure 2.5: The interactive steps in APALL to extract a spectrum.
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(c) The scatter points show the data and the dotted white line shows a 2nd order fit. This fit does

not follow the data well.

1500 1750

Column

(d) The scatter points show the data. In this figure the dotted line shows a 3rd order fit to the data

which visibly follows the data points much more closely than in Fig.

Figure 2.5: The interactive steps steps in APALL to extract a spectrum.
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(e) The output spectrum from the APALL routine. The left side is the blue end of the spectrum, and

the right side is the red end. The y axis is measured in counts as it has yet to be converted to flux,

the x axis is pixels across the length of the slit.

Figure 2.5: The interactive steps steps in APALL to extract a spectrum.
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I was calibrating. The REIDENTIFY routine did not produce good results automatically as
it is vulnerable to second order contamination so I did this for each spectrum in interactive
mode. I then applied the resulting correction to the respective spectra using the DISPCOR

routine.

Flux Calibration

To convert my data from counts to flux I used the standard stars EG21 and LTT1020 as
comparisons. Given that I didn’t use the Gemini IRAF routines to wavelength calibrate
and extract my slits, I decided to not use them to flux calibrate either. Instead, I used the
NOAO IRAF STANDARD routine to tabulate the standard star values. These values were
then input into the SENSFUNC routine which calculates a sensitivity function fitted across
the CCD, as shown in Fig[2.6] Parts of the spectrum are very noisy and so were excluded
from the final fit by deleting these points in SENSFUNC. Also excluded are the points near

the chip gap as these may be artificially small.

2.1.3 Photometry

I undertook a photometric survey of NGC6744 for my Bachelor’s research project Sharp
(2020) which I will compare to my spectroscopic data. As I will be using the results from
this work later, I will describe the process used for clarity.

In addition to the GMOS-S data, VLT/FORS1 Hell narrow band imaging is available
for NGC 6744. Narrow band filters centered on Hell 14686 and Off Hell 44750 were
used to measure the Hell emission and the continuum close to it. The continuum flux is
subtracted from Hell flux to find the helium excess, i.e. how much more a source emits
in the narrow wavelength range of the Hell narrowband filter than the continuum. This
data was reduced using IRAF IMARITH and IMCOMBINE routines with bias and flat field

images taken on the observing nights.

25



Figure 2.6: This shows the fitting of the sensitivity function. The white crosses are data
that is being used in the fit and the green crosses are data that is being excluded from
the fit. The red line shows the current fit. The top plot shows the difference between the
standard values for the standard star and the measured data values. The bottom plot shows

the residuals of each data point from the fit.

1 INDEF ap:l beam:1

Figure 2.7: The sensitivity function output from SENSFUNC.
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The data include standard star fields of the standard star CD 34 241P The standard star
was only observed in the top chip for this data, but a numerical comparison of background
values in the top and bottom chips found negligible differences so the zero point calculated
for the top chip was used for both.

Using the IRAF DAOPHOT routine I performed crowded field photometry on the
reduced VLT FORSI data. As several of my sources are faint or in very crowded regions
finding the correct variables to use required a mixture of data values extracted using IMEX-
AMINE and trial and error. I first created a point spread function (PSF) for each image. To
do this I ran the IRAF DAOPHOT routine PHOT, to find the objects in the image and
calculate their magnitudes, then PSTSELECT, to select stars for use in the PSF routine.
Foreground stars are unlikely to be point like and are generally brighter than stars within
the galaxy, therefore they will skew the resulting PSF. I used the Gaia catalogue overplot-
ted on the Hell image in the Starlink Gaia program to avoid selecting any foreground stars
for my PSF stars. Once I was happy with my PSF, I ran the NSTAR and ALLSTAR routines
to check that DAOPHOT was detecting all the correct objects. Then, once the ideal vari-
ables had been determined, I took the output list from ALLSTAR and ran a Fortran code
to merge the two lists and find the differences in magnitude for each object between the
two images. The difference in magnitude between these two images measures the helium

excess and is used to identify potential WR stars via strong Hell emission.

2.1.4 Spectral Analysis
Line Fitting

I used the Emission Line Fitting (henceforth ELF) commands within the program DIPSO
to fit Gaussian functions to my spectra. An example of this is shown in Fig. DIPSO

then uses the values from the data to calculate the flux from the Gaussian curves. This

’In the Hamuy et al (1992 and 1994) catalogues this star is mistakenly identified as LTT377 according
to the ESO website.
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Figure 2.8: This figure shows the Gaussian fits to the unresolved Ha-[NII] emission lines
in one of the spectra. The red line shows the overall fit, with green line showing the Ha
fit and blue line showing the [NII] fit. To the right is the unresolved [SII] doublet. The
[SII] doublet does not have the underlying Gaussian fits visible. The NII 65484 line is not

resolved enough in this spectrum to fit independently.

program calculates a peak flux from the maximum of the curve and a total flux from the

area under the curve. Going forward I will refer to total flux simply as flux.

Extinction Correction

Interstellar dust can artificially reduce the flux measured from objects, especially those
found in other galaxies. Therefore, the amount of flux reduced, also known as extinction,
must be calculated and a correction applied to the data to remove its effects.

I used Balmer line Z—; ratios to calculate the extinction correction for my spectra. The

corrections were calculated for each region using the following equation from Conti et al.

(2008)).
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F(Ha) _ I(Ha),

- O~ cHPX(Ha)—x(Hp)] @.1)
F(Hp) 1(HPp)

I assumed a standard Cardelli et al., |1989 R,, = 3.1 extinction law where x(H a) —

x(Hp) = —0.346 and an intrinsic ratio ﬁg;g = 2.86. I then rearranged the following
equation to fit into Equation [2.1]
EB-V)=0.77c(Hp) (2.2)

And then rearranged further to make E(B-V) the subject. This results in the following

equation:

(o7 F(Hp)
E(B-V)= ( 0.346> log <2.86F(Ha)> 2.3)

The extinction correction was then applied to the spectrum using the DIPSO function
DRED.
Four of the spectra had Balmer line ratios which yielded negative extinction correc-

tions. In these cases the correction was set to 0.

Template Fitting

In order to identify which subclass each WR star belongs to, it must be compared to pre-
viously known WR stars. To do this, templates are made for each subclass. These WR
template spectra are created by averaging a sample of known WR stars. I used templates
made by Professor Paul Crowther (Crowther et al.,|[2023) created from Galactic WR stars.
I chose these templates due to NGC6744’s high metallicity, which is closer to Galactic
metallicity than the metallicity in the Large or Small Magellanic Clouds, the other avail-
able templates.

The observed spectra are plotted with the template spectra to compare spectral features
by eye. In some cases, multiple templates must be combined to form the features shown in

the data. In this case, the spectrum is considered to have come from a cluster containing
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both these subtypes of WR star. Where the template flux had to be multiplied in order
to fit to the data, the source was considered to contain multiple stars of that template’s
equivalent subtype equal to the value of multiplication. So if a template had to multiply
the flux values by 3 to match the data, that source was considered to contain 3 stars. The
WC stars are differentiated from WN stars by the presence of a carbon emission line around

A5808A.

Metallicity

Once the spectrum is extinction corrected, the corrected fluxes can be fitted using ELF
and used to calculate the metallicity of the region. None of the slits had a well resolved
weak [OIII] A 4363 lines therefore I used the following O3N2 and N2 relation equations
from Marino et al.| (2013) adapted from those in |Pettini & Pagel (2004).

12+ log(O/H) = 8.533[+0.012] — 0.214[+0.012] X O3N2 (2.4)

where O3N?2 is given by

[O111]45007 Ha
O3N2 =1 X 2.5
8 < Hp [NII]/16583> (2)
and
12+ Log(O/H) = 8.743[+0.027] — 0.462[+0.024] X N2 (2.6)
where N2 is given by
N2 = log <[NII]/16583> 27
Ha

Not all of the spectra displayed [OIII] 4 5007 emission lines which prevented the use
of the O3N2 relation to calculate metallicity for these regions. Likewise, not all the spectra
displayed [NII] A4 6583 lines, however, those spectra that did not display [NII] lines either
did not display enough features to approximate the extinction or were not emission line

spectra.
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2.1.5 Deprojected Radius

To further investigate the properties of NGC6744 the deprojected galactocentric distance
to each source was calculated using a Fortran script written by Dr P. Massey and then
adapted by Prof. P. Crowther and myself (private communication). This code calculates
the distance of the source from the centre of the galaxy as a ratio of the radius at which the
source is found divided by the R, distance, which is the distance at which the magnitude
of the galaxy disc drops to 25 magnitudes/arcsecond? in the B band.

As NGC6744 is not perfectly face on to the observer, the inclination and position angle
(see Table[I.1) of the galaxy must be used to find the direct line between the centre of the
galaxy and each object. Then, the distance between the two can be calculated. Dividing
by the R, distance then shows the ratio of the radius this distance is, which can be used
to calculate gradients across the galaxy.

Once the distance from the center of NGC6744 is calculated, this value was plotted
against the metallicity of the sources to find the gradient of metallicity across the galaxy.
In addition, I plotted number of WR stars against radius, to show where in the galaxy they
are found. To increase the number of WR stars in this plot, I included the list of WR

candidates I found during my Bachelors project (see Appendix [A) (Sharp, 2020).
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Chapter 3

Results

Of the 25 slits in Mask 5, 4 had multiple objects that could be extracted from the slit, of
which one slit contained 3 objects. Therefore, the number of spectra extracted from Mask
5 was 30 in total. However, of the 30 spectra extracted, only 19 had the diagnostic Balmer
hydrogen lines used to calculate extinction corrections and metallicities.

Of the 11 spectra without usable hydrogen lines, 3 spectra had absorption spectra char-
acteristic of O or B type stars and 4 lacked any kind of stellar features or nebular lines. The
slits without nebular lines can be explained by the fact that some slits were placed to fill
out the mask and not over a Hell source. Both the non-HII region spectra and the non-WR
star spectra were excluded from the metallicity calculations and WR template matching
as the methods I used are not usable in these cases.

For 5 of the usable slits the calculations for the extinction correction had a negative
result. Given that negative extinction is unphysical, it is likely that underlying H § absorp-
tion has affected an already low H g flux. In these cases, I set the extinction correction to
0. In Table [3.1] these slits are denoted by an * in the E(B-V) column. The fluxes on these
slits are artificially smaller than the others because of the lack of extinction correction and
so any properties derived from them are also be artificially reduced compared to those of
the other slits.

For both the imaging data and the MOS masks, the observation FoV did not cover the
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whole galaxy. NGC 6744 has an optical FoV of 20'x13’ (Yew et al., 2018) and cannot
be fit entirely in the FoV of either the Gemini South MOS instrument or the VLT FORS1
instrument. While there were 3 masks worth of slits available, I only extracted one. In
addition, the Gemini-South FoV is only 5.5'x5.5’. Therefore completeness can only be

considered within this sample. This will be discussed in more detail in Section 4]

3.1 Fluxes

Nineteen of the extracted spectra had Hae and Hf lines that could be fitted. Sixteen of these
spectra had both [NII] and [OIII] lines while 3 had only [NII] lines and no [OIII]. These
lines will be discussed further in Section
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3.2 WR stars

Overall in Mask 05, I found 17 WC stars and 18 WN stars across 7 WR regions. There
is not enough variety within these groups to perform a granular analysis of position and
metallicity for the numerical subclasses, therefore I will analyse them more generally based
on the categories WN and WC.

In addition to these stars, 3 of the slits had chip gaps over one or more diagnostic lines
which prevented a clear identification of potential WR features. These stars have not been
given a WR subtype as the Hell bumps were not able to be fitted. Two of the sources
had very high continuum levels, which prevented fitting of Galactic templates to the WR
features. These 2 sources are likely large clusters, which is discussed more in Section4.2]

Extrapolating from the sources found in this mask, if the number of WR stars is the
same in each mask then I would expect ~ 105 WR stars in ~ 20 sources in total from all
three masks combined. As I was unable to extract magnitudes for all of the confirmed WR
stars, I am unable to extrapolate which of my photometric WR candidates are also WR
stars.

The 18 WN stars were all found in groups containing both WN stars and WC stars.
No spectra were found to contain only WN stars. Five of the sources that contained WC
stars also contained WN stars(Fig. [3.2] [3.5] [3.6] and 2 of the sources contained only
WC stars(Fig. 3.1} [3.4). All of the sources that contained only WC stars appeared to be in

groups or clusters.

3.3 Metallicity

The metallicities were calculated using the two relations described in Section They
were calculated for each slit for which Ha, Hf, [NII] 65834 and [OIII] 5007 A fluxes were
found. For those slits without [OIII] 5007 A fluxes, only the N2 metallicity was calculated.

Therefore, the plot of N2 metallicities has 19 points and the plot of O3N2 metallicity has
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Figure 3.1: Plot of the spectrum extracted from MOS5 1 with the WCL template overplotted.
The template flux was multiplied by 2 to fit the flux of the data. The carbon emission lines

are highlighted. The WC template is plotted with a dashed line and the data with a solid

line.
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Figure 3.2: Plot of the spectrum extracted from M05 2 with the WNL and WCE templates
overplotted. The flux of the WN template was multiplied by 2 to fit the flux of the data,
particularly the NII emission line. The WC template is plotted with a dashed line; the WN
template with a dotted line; the combined templates with a dot dash line; and the data with

a solid line. The carbon, nitrogen and helium emission lines are labelled.
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Figure 3.3: Plot of the spectrum extracted from M05 4 with the WNL and WCE templates
overplotted. Both the WN and WC template fluxes were multiplied by 2 to fit the flux of
the data. The WC template is plotted with a dashed line; the WN template with a dotted
line; the combined templates with a dot dash line; and the data with a solid line. The

carbon and helium emission lines are labelled.
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Figure 3.4: Plot of the spectrum extracted from MOS5 5 with the WC9 template overplotted
at an offset. The WC template flux was multiplied by 3 to fit the data flux. The WC template
is plotted with a dashed line and the data with a solid line. The carbon and helium emission

lines are labelled.
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Figure 3.5: Plot of the spectrum extracted from MO05 8 with WNL and WCE templates
overplotted. The flux of the WN template is multiplied by 3 and the flux of the WC tem-
plate is multiplied by 2 to match the flux of the data. The WC template is plotted with a
dashed line; the WN template with a dotted line; the combined templates with a dot dash

line; and the data with a solid line. The carbon and helium emission lines are labelled.
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Figure 3.6: Plot of the spectrum extracted from MOS5 14-3 with the WC9 and WNEb
templates overplotted. The flux of the WN template is multiplied by 8 and the flux of
the WC template is multiplied by 3 to match the flux of the data. The WC template is
plotted with a dashed line; the WN template with a dotted line; the combined templates

with a dot dash line; and the data with a solid line. The carbon and nitrogen emission lines

are labelled.
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Figure 3.7: Plot of the spectrum extracted from MO05 22 with the WC9 and WNEDb tem-
plates overplotted. The WN template flux is multiplied by 2 and the WC template flux is
multiplied by 4 to match the flux of the data. The WC template is plotted with a dashed
line; the WN template with a dotted line; the combined templates with a dot dash line; and

the data with a solid line. The carbon emission lines are labelled.
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O3N2 Metallicity plotted against the ratio of deprojected radius
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Figure 3.8: Scatterplot of the metallicities derived using the O3N2 relation with a line of

best fit. The best fit line has been extrapolated across the whole radius range. Spectra

which had their extinction correction set to 0 have been removed from the plot.

16.

The group of spectra where the extinction correction was set to 0 have artificially low

N2 metallicities, so these 5 objects were removed from the dataset when calculating metal-

licity gradients.

The N2 metallicity gradient is Log O/H + 12 = (8.70 +£ 0.07) — (0.32 + 0.1 I)RL. The
25

O3N2 metallicity gradient is Log O/H + 12 = (8.74 + 0.07) — (0.31 + 0.11)RL. As can
25

be seen in Fig[3.10] O3N2 has a shallower gradient but a larger intercept compared to N2.

However, both data sets overlap.
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Figure 3.9: Scatterplot of the metallicities derived using the N2 relation with a line of best
fit. The best fit line has been extrapolated across the whole radius range. Spectra which

had their extinction correction set to O have been removed.
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Figure 3.10: The O3N2 and N2 metallicity scatterplots and best fit lines plotted on the
same graph. This shows an offset between best fit lines and an overlap in metallicity range.
The best fit lines have been extrapolated across the whole radius range. Spectra which had

their extinction correction set to 0 have been removed.
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3.4 Hell Magnitudes

During my Bachelors degree I undertook a survey of photometric WR candidates using
narrow band imaging centered on 4686A (Sharp, 2020). Shown in Table |3.3|are the mag-
nitudes from this catalogue that correspond to objects in Mask 05. I attempted to repeat
this process with different variables, such as minimum size of object and full width half
maximum, in order to measure magnitudes for all of the slits. However, none of these
changes managed to calculate magnitudes for a greater number of target objects. Unfortu-
nately, this means that only 13 of the spectra have Hell magnitudes recorded. Several of
the candidates were in very crowded regions which prevented accurate measurements. In
addition, many of the targets in this mask are very faint which may have prevented their
magnitudes being calculated. Overall, this meant that half the sources do not have Hell

magnitudes available and only 3 WR sources have Hell excesses.

Table 3.3: Table of Hell magnitudes.

ID RA Dec Hell Hell

mag €XCESS

MO5 S1 19:10:02 -63:54:37.55 - -
MO5 S2 19:10:07 -63:54:47.92 - -
MOS5 S3 19:09:42 -63:53:47.11 2297 1.29
MOS5 S4 19:09:49 -63:53:57.37 2278 0.78
MOS S5 19:09:56 -63:54:16.64 23.35 1.04
MOS5 S6 19:09:36  -63:54:06.05 - -
MOS5 S7 19:09:43 -63:54:29.85 2232 0.01
MO5 S8 19:09:35 -63:53:29.61 229  0.63
MOS5 S9 19:09:57 -63:53:17.74 - -

Continued on next page
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Table 3.3 — continued from previous page

ID RA Dec Hell Hell

mag €XCESS

MO5S10  19:10:03 -63:53:11.29 22.88 1.7
MOS5 S11 19:09:58 -63:52:51.60 - -
MOS5 S12 19:10:08 -63:52:28.60 - -
MOS S13 19:10:15 -63:52:34.61 23.55 0.76
MO5 S14-1 19:09:58 -63:52:57.15 - -
MOS5 S14 -2 19:09:58 -63:52:57.15 - -
MOS5 S14 -3 19:09:58 -63:52:57.15 - -
MOS5 S15  19:10:10 -63:52:44.94 2279 0.64
MOS5 S16  19:10:11 -63:51:44.64 23.09 0.63
MOS5 S17-1 19:10:12  -63:52:01.23 - -
MO5 S17-2 19:10:12  -63:52:01.23 - -
MO5 S18  19:10:04 -63:51:01.59 - -
MO5S19-1 19:09:35 -63:51:13.40 - -
MO5 S19-2 19:09:35 -63:51:13.40 - -
MO5 S20  19:09:55 -63:51:23.66 - -
MOS5 S21 19:10:09 -63:51:36.40 - -
MOS5 S22 19:10:01 -63:49:50.92 23.58 -0.12
MOS5 S23 19:10:10 -63:49:58.29 - -
MO5 S24  19:10:05 -63:50:16.72 19.78 0.22
MOS5 S25-1 19:09:58 -63:50:35.77 21.15 0.93
MO5 S25-2 19:09:58 -63:50:35.77 21.15 0.93
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Chapter 4

Discussion

4.1 WR Population

The spatial resolution of the GMOS data is 55pc for the 510nm central wavelength and
58pc for the 530nm central wavelength. The spatial resolution is calculated using the
angular distance formula. The spatial resolution for the VLT FORS1 data is 50pc. While
Giant HII regions have typical diameters of order 100pc, the star cluster at the center of
30 Doradus (for example) is 40pc in diameter (Walborn, |1991) which would result in all
28 known WR stars within the cluster (Neugent et al., 2018) to be observed as 1 object.
At the spatial resolutions of my GMOS data, the number of WR stars in this cluster would
likely be underestimated and the properties of individual WR stars lost.

Additionally, the luminosity of the WR stars measured in this work is inflated and the
emission line strengths diluted by the surrounding stellar population because of the poor
spatial resolution. The majority of the WR stars found are in regions which also contain
other stars so the spectra of the WR stars are contaminated by them.

In/Pledger et al. (2021), the authors show that at spatial resolutions > 40pc less than 40
percent of WR stars will be detected and large clusters will be detected as single blended
objects. Knowing then that likely less than 40 percent of WR stars in NGC6744 are vis-

ible, it is of interest to see the completeness level of detected stars in general. In Figure
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Figure 4.1: A plot of number of stars against Hell 4686A aparrent magnitude. You can
see from the peak of the histogram that the completeness limit is approximately 24mag

(Sharpl, 2020).

4.1 100 percent detection completeness is found at around 24mag. Any star fainter than
this magnitude has a decreasing likelihood of being detected. Converted to absolute mag-
nitude, this lower limit to detection is ~ —6.86 M ,,;;. Typical absolute magnitudes for
resolved WR stars range from —3 M, to —6 M, and broadband measurements of WR stars
tend to overestimate the continuum magnitude by ~ 0.5mag (Crowther, 2007). This would

suggest a typical absolute magnitude of ~ =2.5M,,;,; to =5.5M,;;.
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Lo Cumulative WR Candidates as a function of radius

0.8 1

0.6 -

0.4 4

02 4

Cumulative £ WR Candidates

I}.l:l 1 ] 1 1
0.0 0.2 0.4 0.6 0.8 10

R_25

Figure 4.2: The cumulative fraction of WR candidates from my BSc thesis over depro-
jected radius (Sharp, 2020). The radius starts at 0.2 r/ R,5 because the center of the galaxy
is too bright and crowded to identify Hell excesses and finishes at 0.8 r/ R, because only

the central 95 percent of the galaxy fit into the VLT FORS1 FoV.
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4.1.1 Type ratios

As expected from the intermediate to high metallicity, the confirmed WR stars within
NGC6744 have a near even WC to WN ratio of 18 WN to 17 WC stars. However, does
this split reflect the actual ratio within the galaxy? The narrow band continuum subtraction
method of finding WR candidates is biased towards finding WC stars as they tend to have
greater Hell excesses. Especially given the spatial resolution of this data, there is certainly
apopulation of WR stars in this galaxy that have not been detected and it would be assumed
that a greater proportion of these stars are WN than WC.

Conversely, as discussed later on in Section[4.4] the two surveys I compare this survey
to had a greater number of WC stars than WN stars in their spectroscopically confirmed
WR stars. Compared to these galaxies, NGC6744 has fewer WC stars than expected. If
this is not an observation bias, then potentially NGC6744 is generally lower in metallicity
than measured.

Alternatively, this could be a result of different selection biases. Different surveys use
different telescopes and instruments, which will affect the data in various ways. For the
survey of NGC5068, the telescope and instrument were the same. However, the selection
bias is not identical as the smaller distance to NGC5068 means fewer WR stars will be
diluted by higher spatial resolution (Pledger et al., 2021). Conversely, both the M101
and Milky Way surveys used multiple instruments, which makes comparison even more

difficult, as the biases may not be consistent across the whole survey.

4.2 HII Regions

Eighty-six percent of the spectra that contained WR features also displayed nebular Ha,
implying they are found within HII regions. As the spatial resolution of this data is quite
poor, this cannot confirm all these stars are physically within the HII regions. Higher

resolution imaging would be able to determine how many of these sources are actually

56



within the HII regions and how many are only associated with them due to poor spatial
resolution.

Three of the brighter HII regions in this survey are also identified as infrared sources
by |Yew et al.| (2018). MO05 SO7 and M0OS5 S20 have positions consistent with radio emit-
ting HII regions. M05 S24 is 1" (50pc) separated from a radio emitting HII region. This
radio emission is produced by bremsstrahlung radiation. This is evidence of a significant
amount of ionisation from massive stars, which produces bremsstrahlung radiation when
recombining. For 2 of these regions, M05 S20 and M05 S24, WR features were detected
but the high continuum luminosities of these regions and clear underlying stellar popula-
tions made it difficult to determine what emission was from the WR and what was from

other stars so an estimate of the WR population within these regions was not made.

4.3 Metallicity

There is an offset between the O3N2 metallicity gradient and the N2 metallicity gradi-
ent found by this work, however, they agree within error. InMarino et al.|(2013) a similar
offset is found, however, they do not investigate this directly, instead comparing their mea-
surements to a calibration that uses both N2/R2 and S2/R2 ratios from Pilyugin et al.
(2010). For the O3N2 relation this offset is 0.02dex, where the electron temperature (7},)
derived abundances are larger. The N2 calibration is offset by 0.08dex, where the T, de-
rived abundances are larger as for the N2 calibration. Given that my values agree within
error, there is no implication that this offset is evident in this data but better S/N and spatial
resolution could confirm this.

Neither of the 2 metallicity calibrations I used take into account the ionisation factor
of the HII region. I used the equations from |Marino et al.| (2013) based upon the strong
line methods first presented in Pettin1 & Pagel| (2004). Lopez-Sanchez et al.| (2012) find
that the Pettin1 & Pagel| (2004) metallicity calibrations demonstrate an error of 0.25 dex

due to ionisation factors. While this paper did not investigate the updated Marino et al.
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Comparison between the metallicity gradients presented in this
work and the metallicity gradient presented in Ryder (1995)

10.00 ® N2 metallicities
——- N2 Extrapolated Best Fit
9.75 - ® 03N2 metallicities
- —=—=- 03N2 Extrapolated Best Fit
0504 S~o --- Ryder Extrapolated Best Fit
S~ ® Ryder Metallicities
N 9.25 - °
X
=
S 9.00 A
(=}
s!
8.75 T===—me__
------- "%\
8.50 1 R T
Y- T
8.25 1
8.00 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

IR 25

Figure 4.3: The metallicity gradients presented earlier in this thesis have been plotted
against the values given in Ryder| (1995). The line of best fit was determined with a least

squares fit.

(2013) equations, Marino et al.|(2013)) calculate their calibration from a best fit to their data
and do not directly investigate the effect of ionisation. Therefore, ionisation effects may
still be affecting the results, especially given that WR stars are known to ionise the regions
around them. To investigate this would require data with good enough S/N that weak lined

methods could be used to measure 7, which is more directly linked to metallicity.

4.3.1 Metallicity Gradient

Ryder (1995)) find the metallicity gradient of NGC6744 to be —1.31 + 0.26dex/R,s. As
shown in Figure[d.3] I found a shallower gradient of —0.3+0.06dex / R,5. However, all my

data is from the South East of the galaxy and I did not measure the central metallicity or the
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metallicity of the outermost regions. Additionally, I focused on regions with strong Hell
emission which may have been enriched by the products of local massive star formation
and not be accurate outside of these regions.

Another explanation for the difference is that Ryder uses a R,; calibration method,
rather than the O3N2 and N2 methods I used. The R,; method is known to be double
valued and could have skewed their results.

The conflict between these results warrants further investigation in future.

4.4 Comparison to other galaxies

44.1 M101

MI01 is a giant Scl spiral galaxy with a steep metallicity gradient, transitioning from a
near solar metallicity of O/ H + 12 = 8.8 to a sub solar metallicity of O/H + 12 = 7.5 in
the outermost regions. It is predicted to have a SFR between 1.7M,yr~" and 3.3M  yr™!
which is comparable to that of NGC6744 (Pledger et al., 2018)). |Pledger et al. (2018)
confirm 11 WC stars and 4 WN stars spectroscopically, which is very different to my ratio
of 17 WC to 18 WN despite NGC6744 being only slightly less metal rich. However, this
may be due to the fact that I only extracted spectra from the mask containing fainter targets,
which are more likely to be WN stars due to the interference filter technique used to select
targets.

Poor spatial resolution prevented fainter and isolated WR stars within M101 from being
found. Pledger et al. (2018) had access to KPNO, Gemini and HST data and showed that
in the poorer resolution KPNO data the number of WR stars in HII regions was estimated
at 70 percent, whereas in the HST data it was estimated 50 percent of the WR stars were
within HII regions. As [Pledger et al.| (2018) only spectroscopically confirmed 10 WR
sources the statistics are not reliable enough to apply to this survey, but if the trend is

confirmed in follow up surveys then it can be assumed that the percentage of WR stars

59



found within HII regions in NGC6744 is an upper limit.

4.4.2 NGC5068

NGC5068 is an SAB(rs)cd spiral galaxy with central metallicity Log(O/H) + 12 ~ 8.74.
Its SFR is much lower than NGC6744 at 0.63*)' 1) M, yr~'(Bibby & Crowther, 2012). It
has a stellar mass of 2.51 X 109Mo (Tonry et al., 2001). Bibby & Crowther (2012)) find
30 WR sources containing 18 WN stars and 24 WC stars spectroscopically and infer a
further 43 WN stars and 11 WC stars from photometry. They estimate the global WR
population in this galaxy is ~ 170. While other works have found greater metallicity in
the central regions of NGC6744, I have found a central metallicity of 8.73 +0.06, which is
approximately equal to that of NGC5068. NGC5068 is forming stars at a much slower rate
than NGC6744, this would suggest that NGC6744 should have a greater number of WR
stars but a similar ratio of WN to WC stars. My WN to WC ratio does not agree with the
ratios of WN to WC stars presented by Bibby & Crowther (2012). However, my catalogue
contains only stars from the longest exposure mask, generally fainter stars, and therefore
may have an overrepresented population of WN stars. I also have not inferred any WR
stars from photometry, which would likely add a greater number of WN stars than WC
stars to the list.

Bibby & Crowtheri (2012)) find a metallicity gradient in NGC5068 of logO/H + 12 =
(8.74 = 0.15) — (0.61 + 0.22)r/ R25. Interestingly, while Ryder| (1995) found a steep
gradient for NGC6744, their gradient for NGC5068 was much shallower, at logO/H +
12 = (8.96 + 0.12) — (0.35 £ 0.26)r/ R25. This is the opposite to NGC6744, which has a
steep gradient in Ryder|(19935)) and a shallower gradient presented in this work. All but one
of the data points in Ryder|(1995)) are between 0.2 and 0.7 r/ R, 5, with one point at around
0.1 r/R,s. In contrast, Bibby & Crowther (2012) has 3 points between 0.0 and 0.2 r/ R,
and 6 between 0.7 and 1. The lack of data points between 0.0 — 0.2 and 0.7 — 1.0r/ R,5 in

my own data could be hiding a steeper or shallower gradient than presented in this work.
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The Bibby & Crowther|(2012) study came out before the Marino et al.|(2013)) paper up-
dated the N,; and O,,,; N,, metallicity calculations, and so likely suffers from systematic

over-estimation of metallicity in the highest metallicity regions.

443 Milky Way

Of most interest, however, is the comparison between the Milky Way and NGC6744. Un-
like other galaxies, it is beyond our capabilities to observe the Milky Way face on. Ob-
servations of stars within our Galaxy must contend with interstellar dust and proper mo-
tion. Hence, it is comparatively simpler to observe stellar populations in close by external
galaxies. NGC6744 is too distant for ground based imaging to resolve individual WR stars
within, however, its theoretical structural similarity to the Milky Way makes it a valuable
galaxy for comparison.

Rate et al.| (2020) find that between 15 and 41 percent of Galactic WR stars are associ-
ated with a star cluster or OB association. This is at odds with my survey, which finds 86
percent of confirmed WR stars in NGC6744 are in HII regions. Potentially this is an effect
of spatial resolution. Rate et al., 2020 mention this possibility but are unable to investi-
gate it due to the lack of reliable parallaxes and distances available for Galactic WR stars.
This would, however, corroborate the findings of Pledger et al. (2018) in M101. There is
the additional consideration that my selection criteria are primarily sensitive to WR stars

within HII regions, and not those found in the field.
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Chapter 5

Conclusion

I have carried out spectroscopy of sources within NGC6744 to measure metallicity across
the galaxy and identify WR stars.

From spectroscopy I present 7 Hell regions containing 35 WR stars, with comparison
to Galactic WR templates showing 17 of these to be WC stars and 18 to be WN stars.
In addition, 3 objects need to be re-observed to determine their WR properties, due to
diagnostic lines falling in chip gaps, and 2 objects require re-examining to calculate the
continuum level of the cluster which would then be used to measure an accurate number
of the WR stars within.

I also present fluxes for the diagnostic lines observed in 19 of the spectra extracted
from Mask 05. These fluxes were used to calculate extinction corrections and metallicities
for each observed region. I derive an estimate for the metallicity of Log(O/H) + 12 =
8.73 — 0.30(x0.06) x R from a mean of the two metallicity gradients calculated. This
estimate is valid for values of R between 0.2R,5 < R < 0.7R,s. To confirm the metallicity
measurement observations, observations with better S/N and spatial resolution are needed
so that weak line methods can be used to measure metallicity more directly.

I have found that the ratio of confirmed WC to WN stars in my survey is lower than
would be expected compared to M101 and NGC5068. This is likely an artificial difference,

due to the bias towards fainter stars in the mask I chose to analyse. WN stars are generally
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fainter than WC stars and therefore likely make up a greater amount of the WR sources
in this mask than the shorter exposure masks observing brighter objects. Analysing the
spectra from the two other masks available would likely prove or disprove this hypothe-
sis. I predict these other masks will contain a greater number of WC stars, due to them
containing brighter sources, with likely greater Hell excess.

I also find that a greater percentage of my WR sources are associated with HII regions
than the Galaxy or M101. This may be an effect of spatial resolution, as both M101 and
stars within the Galaxy can be imaged at higher spatial resolution than NGC6744. This

can only be proved definitively with higher spatial resolution observations of NGC6744.
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Appendix A

BSc WR candidates list

In this chapter I present the WR candidates list from my BSc thesis Sharp| (2020). It

consists of three multipage tables.
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Table A.3: Table of candidates selected from visible difference between the Hell and the

Hell6 image but which don’t have photometry

ID RA Dec

184 19:09:39.180 -63:54:41.59
185 19:09:38.405 -63:54:49.65
186 19:09:50.266 -63:54:43.88
187 19:10:01.522 -63:54:36.87
188 19:10:06.588 -63:54:47.05
189 19:10:14.231 -63:54:40.08
190 19:09:29.258 -63:54:27.25
191 19:09:32.854 -63:53:52.72
192 19:10:04.902 -63:53:51.54
193 19:09:43.889 -63:53:52.03
194 19:09:18.888 -63:53:36.22
195 19:09:17.821 -63:53:24.91
196 19:09:43.086 -63:53:37.10
197 19:09:58.892 -63:53:38.56
198 19:10:08.481 -63:53:35.75
199 19:10:08.030 -63:53:31.90
200 19:10:15.947 -63:53:37.27
201 19:10:06.697 -63:53:18.49
202 19:10:05.316 -63:53:23.31
203 19:10:05.389 -63:53:24.73
204 19:10:03.061 -63:53:26.12

Continued on next page
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Table of candidates selected from visible difference between the Hell and the Hell6 image

but which don’t have photometry

ID RA Dec

205 19:09:56.913 -63:53:17.53
206 19:09:49.430 -63:53:26.23
207  19:09:43.530 -63:53:28.40
208 19:09:17.834 -63:53:24.91
209 19:09:40.383 -63:53:02.03
210 19:09:54.543 -63:53:01.63
211 19:09:57.596 -63:52:56.73
212 19:10:11.658 -63:52:45.32
213 19:10:00.554 -63:52.49.36
214 19:09:57.590 -63:52:56.90
215 19:09:57.805 -63:52:51.29
216  19:09:45.465 -63:52:51.38
217 19:09:34.957 -63:52:43.80
218 19:09:28.723 -63:52:46.26
219 19:09:18.823 -63:52:43.00
220 19:09:18.462 -63:52:42.37
221 19:09:18.367 -63:52:43.25
222 19:09:40.503 -63:53:02.70
223 19:09:45.439 -63:52:51.25
224 19:10:06.023 -63:52:59.08
225 19:10:05.115 -63:52:50.47

Continued on next page
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Table of candidates selected from visible difference between the Hell and the Hell6 image

but which don’t have photometry

ID RA Dec

226 19:10:11.671 -63:52:45.15
227 19:10:09.110 -63:52:34.63
228 19:10:07.819 -63:52:44.01
229 19:10:05.134 -63:52:50.30
230 19:09:34.963 -63:52:43.80
231 19:09:28.723 -63:52:46.34
232 19:09:18.585 -63:52:31.71
233 19:09:19:416 -63:52:32.51
234 19:09:21.464 -63:52:21.75
235 19:09:20.881 -63:52:22.95
236 19:09:56.182 -63:52:20.30
237 19:10:00.443 -63:52:11.63
238 19:10:09.252 -63:52:17.73
239 19:10:07.168 -63:52:09.42
240 19:09:59.949 -63:52:05.73
241 19:09:16.671 -63:51:44.07
242 19:09:16.567 -63:51:33.03
243 19:09:29.708 -63:51:32.77
244 19:10:03.093 -63:51:54.14
245 19:09:37.400 -63:51:22.37
246 19:09:22.649 -63:51:15.21

Continued on next page
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Table of candidates selected from visible difference between the Hell and the Hell6 image

but which don’t have photometry

ID RA Dec

247 19:09:22.811 -63:51:23.16
248 19:09:22.199 -63:51:16.96
249  19:09:29.568 -63:51:03.69
250 19:09:30.593 -63:51:05.54
251 19:09:33.224 -63:51:16.48
252 19:09:36.750 -63:50:28.02
253 19:09:25.518 -63:50:15.13
254 19:09:23.441 -63:50:25.27
255 19:09:34.375 -63:50:02.66
256 19:10:00.260 -63:50:00.02
257 19:10:13.383 -63:49:32.66
258 19:10:12.553 -63:49:50.49
259 19:10:12.127 -63:49:43.51
260 19:09:45.476 -63:49:43.22
261 19:09:32.861 -63:49:43.61
262 19:09:30.203 -63:49:22.25
263  19:09:30.898 -63:49:28.28
264 19:09:45.881 -63:49:23.52
265 19:09:45.420 -63:49:23.43
266 19:10:08.578 -63:49:30.19
267 19:10:13.383 -63:49:32.70
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Table of candidates selected from visible difference between the Hell and the Hell6 image

but which don’t have photometry

ID RA Dec

268 19:10:03.523 -63:49:00.86
269 19:09:56.153 -63:49:02.06
270 19:09:15.858 -63:48:49.41
271 19:09:51.539 -63:48:49.64
272 19:09:55.255 -63:48:44.36
273 19:10:03.523 -63:49:00.77
274 19:09:44.576 -63:48:25.03
275 19:09:40.512 -63:48:38.99
276 19:09:48.254 -63:48:07.64
277 19:09:56.947 -63:48:21.35
278 19:09:47.762 -63:48:02.95
279 19:09:39.847 -63:47:55.81
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