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Abstract

The kinematics of stars in galaxies is becoming a key means to understand the dy-
namics of galaxies, their formation and merger history. For many years, kinematics
has been measured using integrated field techniques in the optical, infra-red and
radio wavebands, but modern CCD multi-channel cameras are now making it pos-
sible to measure the spectra of individual stars in galaxies and thus enabling more
detailed analysis of galaxy kinematics.

Using spectra taken with the AAOmega spectrograph, I measure the radial ve-
locities of over 100 stars, many of which are intermediate age carbon stars, in the
direction of the dwarf irregular galaxy NGC 6822. Kinematic analysis suggests that
the carbon stars in the sample are associated with NGC 6822, and estimates of
its radial velocity and galactic rotation are made from a star-by-star analysis of its
carbon star population. I calculate a heliocentric radial velocity for NGC 6822 of
—51 £+ 3 km s~! and show that the population rotates with a mean rotation speed
of 11.3 £ 2.1 km s~ ! at a mean distance of 1.1 kpc from the galactic centre, about
a rotation axis with a position angle of 25° 4+ 14° as projected on the sky. This
is close to the rotation axis of the HI gas disk and suggests that NGC 6822 is not
a polar ring galaxy, but is dynamically closer to a late type galaxy. However, the
rotation axis is not aligned with the minor axis of the AGB isodensity profiles and
this remains a mystery.

Finally, further work is suggested which would examine stars in the galaxy outside
the central sample for which I had data, to confirm my findings and to attempt to
understand the misalignment of the rotation axis and isophotes. In addition, I
suggest further work to constrain the dynamical mass of the galaxy, which up to

now is not well determined.
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1. Introduction

1.1. Overview

The measurement of radial velocity has played a pivotal role in the analysis and un-
derstanding of the cosmos. It provides a signature of the motion of objects tracing
the distribution of matter and gravitational potential. The discovery of an ex-
panding universe by Hubble [1925] was made from radial velocity measurements of
galaxies, and Hubble’s Law embodies radial velocity in its formulation, V;.q = Hd,
where V,.q is the radial velocity of a galaxy, H is the Hubble parameter and d is the
distance to the galaxy. Radial velocity measurements have also been instrumental
in the discovery of ‘dark matter’, first described in the German paper on the mo-
tion of extra-galactic clusters by Zwicky [1933], and later in spiral galaxies by van
Albada et al. [1985] and others. These studies show that the kinematics of objects,
under Newtonian gravitational theory, cannot be fully accounted for by the mass
of observed luminous matter in the universe, and additional matter must be added.
While it is unlikely that all baryonic matter has been discovered at present, con-
temporary cosmological theory does not contain sufficient baryonic matter to satisfy
Newtonian dynamics, leading to the conjecture that much of the universe is made

up of non-baryonic matter, which is usually referred to as dark matter.

The expansion of the universe and the presence of dark matter are embodied in
modern cosmological theory as the Standard ACDM Cosmological Model, which
is discussed in §1.2.1. In this model, A refers the cosmological constant, which
is responsible for the acceleration of universe, and CDM to cold dark matter, re-
sponsible for the collapse of matter into the structure we see [Coles and Lucchin,
2002]. As we shall see in §1.2.1, there are insufficient baryons in the universe to
account for the amount of matter required for structure formation so CDM usually
refers to non-baryonic matter. The model has been quite successful in explaining
the evolution of the universe and the formation of galaxies on large scales, yet it
does not offer a complete solution to our understanding of cosmology, as it runs into

some difficulties over small scales. These are discussed in §1.2.1. Recent surveys
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Table 1.1.: Cosmological parameters from WMAP data releases 7 and 9, and Planck 2013 Results.

QA Qe Qp Hy Notes
WMAP7 0.725 4 0.016 0.229 4+ 0.015 0.0458 + 0.0016 70.2 + 1.4 1
WMAPY 0.712 +0.010 0.240815-:5093 0.0472 £ 0.0010 69.33 + 0.88 2
Planck 2013 0.693 4 0.019 0.2572 + 0.0085 0.04809 + 0.00134  67.9+1.5 3,4

Q. and €2 are the present day values of cold dark matter and baryon densities, respectively, in the universe.
All errors are quoted at 68% confidence levels.

Note 1: Komatsu et al. [2011], Table 1. WMAP+BAO+Hy, using RECFAST 1.5 / v4.1 WMAP likelihood code.
Note 2: Hinshaw et al. [2013], Table 3. WMAP+BAO+Hp.
Note 3: Planck Collaboration et al. [2014b], Table 2. Planck temperature data plus lensing.

Note 4: Qc and € and their errors are derived from data in Planck Collaboration et al. [2014b], Table 2.
(see Appendix A) for derivation.

of the cosmic microwave background, §1.2.2, by the Planck and WMAP spacecraft
probes, have quantified the value of A and the amount of CDM in the universe, as
shown in Table 1.1. These values imply that currently < 5% of the universe can
be observed directly, and > 95% is inferred indirectly. It is thus very important
to understand the physical nature of both dark energy and dark matter to validate
present cosmological theories.

The study of kinematics in nearby (low—z) galaxies, both within and beyond the
Local Group (LG), can give insight into dark matter, as they are all affected by it
in differing degrees [Chernin et al., 2004, Karachentsev et al., 2009, McConnachie,
2012].

e LG galaxies are affected by four factors: the gravitational potential of the
LG, the gravitational potential of other nearby galaxy clusters, cosmological

expansion and the dynamical history of each galaxy, e.g. past mergers.

e Many LG galaxies are dwarf spheroidal (dSph) types, which are discussed more
in §1.3.2. They typically have a very high mass to light ratio®, T, as they are
faint but their velocity dispersions imply a high dynamical mass. Such galaxies

are good candidates for researching dark matter in the nearby region.

e Irregular galaxies tend to be few and to lie in the outer half of the LG
[Karachentsev et al., 2004, McConnachie, 2012]. They are gas rich and star

forming, so they are much brighter than dSphs and have a much lower Y. It is

Mass to light ratio, Y = M/L, where M is the mass of a galaxy in solar units, My, and £
is the luminosity of the galaxy also in solar units, L5. Y is often also quoted in solar units,
T@ = M@/ﬁ@.

Page 2
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not obvious whether these are bound to the LG, or just visiting, nor whether

they are or have been tidally disrupted to cause the star formation.

e At the border of the LG, the gravitational potential of the LG is just in equi-
librium with external gravitational potentials and the cosmological expansion
(Hubble Flow). The dynamical behaviour of objects close to the border might
reveal some signature of this [Karachentsev et al., 2009, Karachentsev and
Nasonova, 2010, Chernin et al., 2010].

An opportunity to study the kinematics of the resolved, intermediate age stellar
population of the dwarf irregular galaxy NGC 6822, within the LG, arose as an
extension of work already undertaken by Sibbons et al. [2015], where spectra had
been obtained and reduced for stellar classification. Although the original spectra
were not optimised for radial velocity measurement, it was proposed that they would
provide a platform to learn about the interpretation of spectra and to obtain radial
velocities from them. Soon after starting, it was realised that it was possible to
distinguish between members of NGC 6822 and foreground stars in the Milky Way
and that the analysis tools available could be used to obtain useful velocity results
from the spectra. This led to the discovery of a rotating population of intermediate
age stars in the halo of NGC 6822, which constitutes the core of this dissertation.

1.2. Cold dark matter and structure formation

1.2.1. Standard ACDM Cosmology

Modern gravitational theory on the largest scales and over the largest extremes is
based on general relativity (GR). In its first formulation, it predicted a number
of cosmological phenomona, which have been observed subsequently, such as black
holes, time dilation due to gravitational acceleration by massive objects, and most
recently, direct evidence of gravitational waves [Abbott et al., 2016, Abbott, 2016].

Contrary to scientific opinion at that time, that the universe is static, GR pre-
dicted a dynamic universe, which led Einstein to include a term, the cosmological
constant, into his field equations to counteract gravity and create a static universe.
Hubble’s discovery of an expanding universe [Hubble, 1925] changed this perception.
Initially, it was believed that, although expanding, the rate of expansion would be
slowed by gravity [Friedmann, 1922], but over the last decade and a half, it has

became clear that the expansion is being accelerated, [Riess et al., 1998, Perlmutter
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et al., 1999]. The term now has scientific significance and is referred to as the Cos-
mological Constant, A. It has been accurately measured by a number of satellite
based and earth based surveys, see Table 1.1, but its physical origin is unknown. It
is commonly called ‘dark energy’ or sometimes ‘vacuum pressure’ to provide some
impression of its role.

Friedmann’s interpretation of GR [Friedmann, 1922] results in a well known suite
of equations, which, amongst other factors, are affected by the geometry of the
universe?. The Friedmann equations show that at a critical matter density, p., the
universe will be flat. Modern cosmological measurements [Komatsu et al., 2011,
Planck Collaboration et al., 2014b] show that the density of the universe is close
to p. [Coles and Lucchin, 2002]. The difficulty is that observed luminous matter,
which is made up of baryons, is not sufficient to reach p. on its own. Calculations of
the number of baryons produced during nucleosynthesis shortly after the Big Bang
also fall well short of the amount required to reach p. [Coles and Lucchin, 2002].
Table 1.1 shows measurement results for cosmological parameters. () represents
the ratio of density of dark energy, dark matter or baryons to the critical density,
Q= p/pe.

Modern theory states that the shortfall in baryonic mass is made up by non-
baryonic particles which do not interact strongly with radiation, but do interact
with gravity. There are many species of particle which are proposed for non-baryonic
dark matter, most of which are yet to be discovered. A detailed discussion of many
of the types can be found in Feng [2010]. The favoured variety is known as a
weakly interacting massive particle, ‘WIMP’. These particles have a mass which is
considerably heavier than a hydrogen nucleus, and they move slowly. Thus their
kinetic energy is low and the generic term for them is cold dark matter, CDM.
Their synthesis is not predicted from the standard model of particle physics but
from super-symmetry (SUSY). Neither the particle itself nor the SUSY theory is
yet proven by test or observation.

So the standard ACDM model of cosmology attributes dark energy to driving
expansion and non-baryonic dark matter to driving contraction through increased
gravity. While ACDM has been remarkably successful at predicting the behaviour
of the universe on large scales, it runs into some problems at smaller scales, which

are listed below:

o The ‘missing satellites’ problem. The first discussion of this problem was

by Klypin et al. [1999], who performed N—body simulations of the growth

2see Coles and Lucchin [2002] for discussion of open, closed and flat models of the universe
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of structure within the ACDM paradigm. At the time of the simulations
only about 30 satellite galaxies of the Local Group (LG) were known. The
simulation traced the growth of dark matter halos and predicted that in a
region similar to the LG, ~ 280 dark matter halos should be present. This
prompted the question “Where are the missing galaxies?”, which assumes that
all dark matter halos will contain a galaxy. A number of later simulations,
such as Aquarius [Springel et al., 2008] and Via Lactea [Zemp, 2009], have

been performed with similar results.

Discoveries of more satellites since the publication of the original study have
closed the gap significantly and further discoveries may still be made with
wider and deeper surveys which are ongoing or planned. Tollerud et al. [2008]
compares the numbers of dark matter halos predicted by the Via Lactea simu-
lation with an estimate of the numbers of new galaxies likely to be discovered
with present day surveys in progress. 18 different scenarios in Via Lactea
result in a wide range in the number of dark matter halos, from 69 to 1093
with a mean of 375, yet the number of new discoveries likely at an apparent
magnitude of 27.5 or brighter is 283. This limit is at least 2 to 3 magnitudes

fainter than current surveys, so that experimental validation will have to wait.

It would appear that this problem is not yet understood, and this has been one
of the motivations for warm dark matter (WDM), which produces many fewer
dark matter halos in simulations [Lovell et al., 2012]. Klypin et al. [2015] have
extended their analysis of the number of dark matter halos over ~ 10 Mpc from
the LG barycentre for both the CDM and WDM paradigms. Their original
conclusion that the CDM paradigm produces far more dark matter halos in the
region than are observed as galaxies remains. The WDM paradigm performs
better, but it under-predicts the number of small halos compared with the
number of such galaxies observed, and over predicts the number of large halos,

the crossover being at a galactic virial mass M, < 10°71 M.

e The ‘Too Big to Fail’ (TBTF) problem. This is essentially a re-interpretation
of the missing satellites problem. In the recent simulations, a variety of dark
matter halo sizes is predicted. Large simulated halos are expected to host
galaxies, and their predicted rotation velocities should match those observed
[Boylan-Kolchin et al., 2011]. However, they do not [Boylan-Kolchin et al.,
2011], which prompts the question why these large halos appear to have failed
to produce a galaxy. Most N— body simulations consider only dark matter

halos and exclude the effects of baryonic content in real galaxies, which may
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be a cause and Boylan-Kolchin et al. [2011] even considers whether DM halos

exist at all.

A number of authors [Zolotov et al., 2012, Di Cintio et al., 2014, Chan et al.,
2015, Papastergis and Shankar, 2015] have attempted to examine what the
impact is of baryons on dark matter halos, through infall, star formation ef-
ficiency, outflows. In general, by applying baryonic feedback of this type, the
density of the cores is spread out more than dark matter simulations would
suggest. The density in the core is much reduced, and rotation velocities simi-
larly reduced. Moreover, this effect is greater the more baryons there are in the
halo, as their feedback effects are greater. So large galaxies have a proportion-
ately lower rotation rate than small ones which could explain why DM-only

simulations over-predict high mass halos, leading to a bias in the observations.

Zolotov et al. [2012] shows that DM-only simulations produce denser halos
when neglecting baryonic affects and Di Cintio et al. [2014] shows that baryons
affect the shape of the central core of the galaxy density profile, particularly
at high star formation efficiencies, which becomes flatter. Chan et al. [2015]
deduces that baryonic feedback in this manner could explain the ‘Too Big to

Fail’ problem without the need for non-standard dark matter models.

e The core/cusp problem. Navarro et al. [1997] first proposed a density profile
for dark matter halos, which has since become known as the NFW profile,

equation (1.1). This density profile is ubiquitous in N —body simulations.

p= i (1.1)

(7/7900) (1 + 7 /7200)?

where 7 is a radial coordinate from the centre of the halo and ryqg is normally
taken to be the radius at which the mean density is 200x the cosmological

critical density [Binney and Tremaine, 2008].

The formulation, however, contains a term, r—!, which results in a cusp, or
singularity, at the centre of halo, where r = 0, and there has been much discus-
sion over how real this is. Recent work introducing baryonic feedback effects
into simulations, such as described above, appear to show that the central
region is smoothed into a physically satisfactory core by their introduction,

suggesting that the problem has now been explained in this manner.

Until dark matter is unequivocally discovered, alternative theories will persist.

For completeness, two other candidates for cosmological models will be summarised
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here. The first is the so-called AWDM model, where compared to ACDM very much
lighter and faster moving dark matter particles exist, hence ‘warm dark matter’ [de
Vega and Sanchez, 2010, Destri et al., 2012]. Such particles are believed to be about
1073x lighter than the electron, and simulations suggest they solve the missing
satellites problem. The second is modified Newtonian dynamics, MOND [Milgrom,
1983, Famaey and McGaugh, 2011], where the power law in the equations of motion
changes in regions where the acceleration due to gravity, g, is less than a critical
value, ag, suggesting that matter has a bigger effect on the acceleration of a particle
than expected under Newtonian gravity in these regions. Taking this a step further
it could be argued that if the matter content is constant then G would have to

2 which is interestingly, or maybe

change. ag has been calculated to be ~ 10719 m s~
coincidently, = c¢Hy/27. Both theories have adherents, who continue to work them

and will do so, until dark matter is discovered and its nature is fully understood.

1.2.2. Cosmic Microwave Background (CMB)

One of the most important discoveries of the 20th century, was the observation of
an isotropic background of radiation in the microwave band. It was discovered by
two Bell Labs radio engineers, Penzias and Wilson, in 1964, for whom it was a
source of noise which could not be eliminated. This coincided with work being done
at Princeton University to build a radiometer to measure the temperature of the
universe. The source of the noise was originally predicted by Alpher and Hermann
in 1940 as a consequence of the cooling of the universe after the Big Bang and has
became known as the Cosmic Microwave Background (CMB).

At the time of its discovery, the CMB appeared to be a homogeneous noise source,
but since then, it has been measured with ever more precise instruments. Figure 1.1
shows the most recent measurement of the CMB by the Planck Collaboration.

After the Big Bang, the temperature of the universe fell rapidly. Protons, neutrons
and electrons formed in the first second after the Big Bang, but the temperature
of the universe at this time was too high for nuclei to form, as the energy of the
photons was higher than the dissociation energy of the nuclei [Coles and Lucchin,
2002]. At this epoch, the universe was radiation dominated. After about 1 second,
it became cool enough for nuclei to form, and after about 15 minutes, approximately
the half-life of an unbound neutron, the chemistry of the primordial universe was
fixed, hydrogen-1 (75%) and helium-4 (25%) with traces of heavier isotopes such as
deuterium, helium-3, and lithium-7 [Coles and Lucchin, 2002].

The universe remained radiation dominated and continued to expand, until at

Page 7
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—H00 — e 5 (10 JLLKCMB

Figure 1.1.: Planck Collaboration 2013 image of the CMB.

The image shows the variations of temperature about a mean temperature of 2.72548 +
0.00057 °K [Fixsen, 2009]. The orange points are hotter regions, the bluer points are
the cooler regions. The temperature variation between orange and blue is £500 pK.
Denser regions have a larger potential well and owing to the Sachs-Wolfe effect, photons
lose more energy leaving a deeper potential well and therefore become cooler (i.e. bluer
in this figure). Structure filaments grew from the cooler, denser regions, shown in blue,
and voids from the hotter, less dense regions, shown in orange.

Image credit: ESA and the Planck Collaboration [Planck Collaboration et al., 2014a]

~ 60,000 years, it became matter dominated [Binney and Tremaine, 2008], but it
was still hot enough that atoms could not form and it existed as a hot ionised plasma
containing ions. The mean free path of photons was short, resulting from Thomson
scattering. Photons were unable to freely stream so that the plasma was opaque
and glowing. It remained so for ~ 380,000 years [Coles and Lucchin [2002], Liddle
[2003], Binney and Tremaine [2008]] when eventually, the plasma cooled sufficiently
for the photon energy to fall below the dissociation energy of atoms, which allowed
nuclei and electrons to form atoms of neutral gas. The universe became de-ionised
and photons could stream freely away, so that the universe became transparent
[Liddle [2003], Binney and Tremaine [2008]]. This epoch, at z = 1100, is called
‘recombination’. The CMB observed is the last scattering surface (LSS) presented to
us by the plasma immediately at the point of recombination [Binney and Tremaine,
2008, Coles and Lucchin, 2002, Liddle, 2003]. While ionised, the plasma was in
magnetohydrodynamic motion and at the point of the recombination, the state of
the density fluctuations in the plasma were imprinted in the temperature variations

now observed in the CMB, see Figure 1.1.
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1.2.3. Galaxy formation.

The density fluctuations indicated in the CMB have, over time, given rise to the
structure in the universe, resulting in a cosmic web of filaments of dark matter,
baryonic matter, stars and galaxies surrounded by voids of very low density. The
higher density regions had a deeper gravitational potential, causing primordial gas
to infall from the surrounding less dense regions. This resulted in the formation of
filaments of gas surrounded by voids. The filaments grew in density until eventually
stars and galaxies could form. Present theory is that dark matter filaments formed
prior to recombination, providing the structure for the growth of the cosmic web,

and these are traceable in the CMB power spectrum.

Prior to the formation of the first stars and galaxies, the universe was dark.
Collapse of gas in dense regions resulted in the formation of the early (Population
IIT) stars, and the early galaxies. The stars are thought to be much bigger than
the Sun for example and very short lived so we do not see any trace of them now,
although their supernovae would have seeded the universe with the first metals. The
collapse can be quantified by Jeans’ Theory, which stated qualitatively, says that as
a cloud of gas cools, its kinetic energy (and thus thermal pressure) falls until at a
critical point, self-gravity will cause it to collapse. The point at which collapse occurs
depends on the radius, mass and temperature of the original cloud. As the cloud
shrinks, its potential energy is released. Half is radiated away and half increases the
internal temperature and pressure of the cloud. This temporarily slows the collapse,
but does not stop it. At this stage, a cloud has formed a ‘protostar’ which slowly
collapses under self-gravity until its core is hot enough for nuclear fusion of hydrogen
to take place at the centre, when a star is born. Clouds may fragment and each

cloudlet may collapse to form a star, thus forming stellar clusters.

Dense regions attract more and more matter even up to galactic scales. Galactic
clusters commonly form within the cosmic web and then galaxies fall in on each other
and merge. Major mergers occur when two galaxies of similar mass interact and the
effects can be very disruptive. Existing stars can be ejected from the galaxies and
form streams of stars flowing away from the merger centre. These are sometimes
called antenna galaxies. The gas is compressed and star formation on a large scale
starts up making the galaxies very bright with new stars. Minor mergers occur
where the colliding galaxies are significantly different in mass; the smaller of the
galaxies is usually tidally disrupted / shredded and the stars within it tend to end
up absorbed into the halo or thick disk, if present, of the larger galaxy. The process

continues in the present epoch. The MW has several examples of stellar streams
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in its halo [Morrison et al., 2000, Belokurov et al., 2006, Belokurov et al., 2007,
Guhathakurta et al., 2006, Starkenburg et al., 2009], which are believed to be the
result of minor mergers leaving their trace.

This evolutionary process has been studied many times. Using ACDM cosmology
and CMB density variations as priors, N—body simulations have been performed
to evolve the growth of the cosmic web and structure from primordial times to
the present day. These typically simulate matter particles in a homogeneous three
dimensional fluid and progress their dynamics step by step over time in the context
of the evolving gravitational potential. For the entire universe, this is a major
computing challenge.

One of the most recent cosmological simulations of galaxy evolution is the Millen-
nium Simulation performed at the Max Planck Institute for Astrophysics, between
2003 and 2014. A first simulation used 10'° particles in a 500h~' Mpc cube, where
h is the Hubble parameter expressed in units of 100 km s~! Mpc™! at a spatial
resolution of 5h~! kpc, which is approximately the distance of the Sun from the
centre of the MW. It followed the formation and evolution of ~ 107 objects brighter
than the SMC, and its first results were published in 2005. In 2008, a second simu-
lation was run with much finer mass resolution and published in Guo et al. [2011].
In 2012, the simulation was re-run with WMAP7 updated cosmological parameters
and with the Planck 1st data release cosmology in 2014. The history of the de-
velopment of the Millenium Simulation over the past decade or so is well described
on the following Max-Planck Institute website http://wwwmpa.mpa-garching.mpg.
de/millennium/.

A large scale image of one part of the simulation at z = 0 is shown in Figure
1.2 [Springel et al., 2005] and clearly shows the filamentary nature of the evolved
universe. The filaments represent regions of high density dark matter where gas
collects. At filament intersections, the density is highest and galaxies develop as
star formation within the gas occurs.

Two surveys, the 2dF survey [Colless et al., 2001] and the Sloan Galactic Survey
[Blanton et al., 2003] completed since the turn of the century have revealed further
structure in the cosmos. Figure 1.3 shows the structure observed by these surveys
and a marked similarity to each other, despite covering slightly different slices of the
sky, showing filamentary structures and voids, very similar to those in the simulated
structure in Figure 1.2.

The first such survey to be performed was the CfA Redshift Survey which started
in 1977 and was completed in 1982, performed by Harvard-Smithsonian Institute

for Astrophysics. A description of its development can be found on the Harvard
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Figure 1.2.: Millennium Simulation
The image shows a structure of filaments and intersections of matter particles at
z = 0. Galaxies tend to form at the intersections from gas falling into the filaments.
The bright spot at the centre of the image is a typical galaxy forming intersection.
The regions outside the filaments become voids and contain little gas.
Image credit: Millennium Simulation at Max-Planck-Institute for Astrophysics
[Springel et al., 2005].

website https://www.cfa.harvard.edu/~dfabricant/huchra/zcat/. Its second,
more detailed survey of over 18,000 galaxies in the northern hemisphere produced
the first indications of a web like structure in the universe [Geller and Huchra, 1989],

including the discovery of voids and the ‘Great Wall’.

1.2.4. The Local Group

At the time of writing, there are more than 75 confirmed galaxies within a radius of 1
Mpc of the barycentre of the LG [McConnachie, 2012]* [Karachentsev et al., 2009).
There are two large spiral galaxies;, MW and Andromeda (M31), which together
dominate the gravitational potential of the group, and one smaller spiral galaxy
(Triangulum). Andromeda has an elliptical companion, M32. There are 7 irregular
/ dwarf irregular galaxies: LMC, SMC, IC 10, IC 1613, NGC 6822, WLM, Leo A, and
58 dwarf spheroidal, suspected dwarf spheroidal or dwarf elliptical galaxies. Galaxies
are classified as dwarf if their My > —18. At present, four other galaxies cannot be

differentiated between dwarf irregular or dwarf spheroidal and a further two could

3The catalogue in McConnachie [2012] covers objects out to 3 Mpc, is fully referenced and draws
upon other catalogues (e.g. NED, Karachentsev). It is maintained on-line and was last updated
in September 2015 with recent discoveries.
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Figure 1.3.: Galactic Surveys

Upper panel, 2dF survey showing present day filamentary structure in regions of low z
[Colless et al., 2001]. The survey views planes in the southern hemisphere. The struc-
ture fades at higher z, but this may be due to limitations of the measuring equipment.
Lower panel, Sloan galaxy survey, 6° slice from DR1 [Blanton et al., 2003], Image
credit: Sloan Digital Sky Survey. Although covering a different plane in the northern
hemisphere, the observed structure is similar to 2dF. Some large features are notice-
able, including the Sloan Great Wall.
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be either globular clusters or dwarf satellites. In addition, the catalogue has recently
re-classified the dwarf galaxies Canis Major and Bootes III to ‘ambiguous’. There
are a further 23 newly discovered galaxies which are not yet confirmed as members
of the LG.

The LG barycentre lies between MW and M31, and within the LG, dwarf spheroidals
are spread fairly evenly in distance from 153 kpc from the barycentre to 969 kpc,
whereas the dwarf irregulars tend to congregate towards the outer region of the LG
(440, 517, 556 — 941 kpc). The LMC and SMC lie at 421 and 422 kpc respectively,
with Triangulum at 442 kpc and M31 at 392 kpc [McConnachie, 2012].

Figure 1.4 indicates that galaxies lying inside a radius of ~ 1 Mpc of the LG
barycentre exhibit both positive and negative radial velocities, while galaxies lying
outside exhibit only positive (red-shifted) radial velocities. It is believed that the
galaxies outside ~ 1 Mpc are dominated by the Hubble expansion (Hubble Flow) and
by infall towards nearby galaxy clusters (e.g. the Virgo Cluster), abd those inside
~ 1 Mpc appear to be dominated by the gravitational potential of the LG [Chernin
et al., 2010, Karachentsev et al., 2009, McConnachie, 2012]. In McConnachie [2012]
the calculation of barycentric velocities from the heliocentric radial velocity is ex-
plained as follows. In principle, the calculation assumes that the barycentre lies
midway between MW and M31. It then converts radial velocities into a LG frame
using the method developed by Karachentsev and Makarov [1996], and subtracting
the velocity component of the MW in the direction of each galaxy.

At the boundary between these two paradigms is a surface of zero velocity where
the gravitational force generated by its matter is in equilibrium with the cosmo-
logical expansion and other external gravitational forces. Six galaxies lie close to
this surface: WLM (dIrr) (794kpc), Leo A (dIrr) (941 kpc), Aquarius (dIrr/dSph)
(1053 kpc), Tucana (dSph) (1076 kpc), SagDig (dlrr) (1156 kpc) and UGC4879
(dIrr/dSph) (1321 kpc) [McConnachie, 2012]. They are all dwarf irregular galaxies
or dwarf elliptical galaxies with irregular features. Irregular galaxies are possibly
being tidally disrupted or have been in the past, and if they have gas they will tend

to be star forming.

1.2.5. Contemporary Local Group Surveys

Many of the galaxies now catalogued within the LG, and indeed outside it, were un-
known until the turn of the 21st Century, when the Sloan Digital Sky Survey (SDSS)
provided photometric and spectroscopic data of objects in the northern hemisphere.

Up to now, SDSS has mapped 14,555 square degrees of the full sky (approximately
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Figure 1.4.: Plot of barycentric radial velocities against distance from the LG barycentre based
on data from Table 2 of McConnachie [2012], for all galaxies which have a value for
barycentric radial velocity. NGC 6822 is shown in red. It can be seen that beyond
1500 kpc, galaxies follow a Hubble-like velocity increment with distance. The dashed
line is a least squares straight line fit for the galaxies which lie beyond 1500 kpc. The
dotted line represents Hubble Flow, where Hy = 70 km s~! Mpc~!. Below ~ 1000 kpc
LG gravity dominates and radial velocities are dispersed positively and negatively (i.e.
red shifted and blue shifted). The vertical line at 1060 (£70) kpc represents the zero-
velocity surface derived from the mean distance of the dwarf galaxies WLM, LeoA,
Aquarius, Tucana, SagDIG, UGC4879, which lie in that order between 794 kpc and
1321 kpc [McConnachie, 2012].
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35%), to a magnitude depth of m,p, = 22.0, 22.2, 22.2, 21.3, and 20.5 over 5 bands
ugriz respectively. Technical data can be found on the SDSS websites: http://
classic.sdss.org/dr7/ (data release 7), and http://www.sdss3.org/dr8/ (data
release 8). Data release 12 [Alam et al., 2015] is the most recent. Analysis of the data
has revealed many more faint galactic objects within the LG than were previously
known. Since 2001, the SDSS discoveries have revealed ~ 40 dwarfs.

Although SDSS continues to deliver data and results, other surveys are now being
undertaken and are starting to yield more discoveries. These surveys cover a much
greater area of sky and will also probe 2 to 3 magnitudes deeper. Within the last
year, several papers from the Dark Energy Survey (DES), a ground based survey
using Gemini N and S telescopes, covering both hemispheres, have revealed the
discovery of 16 very faint objects which are thought to be possible LG dwarf galaxies,
although most yet have to be confirmed. These are included in Table 1.2.

Four new discoveries from the Pan-STARRS survey in the northern hemisphere
have also been published. While its primary role is to search for near earth objects,
it completed its first full sky survey in 2014, which led to the discoveries. These are
also included in Table 1.2. Pan-STARRS covers a total of 30,000 square degrees of
the sky (~ 73%) from Hawaii. At 6000 square degrees per night, it covers its entire
field of view over 5 nights and in 5 filters (grizy), to a limiting m.,p, of 24. Some
technical data can be found on the following website: http://pan-starrs.ifa.
hawaii.edu/public/design-features/wide-field.html).

In the southern hemisphere, the Australia National University is undertaking a
southern sky survey (SkyMapper) covering approximately 20,000 square degrees in
6 bands (uvgriz) to a limiting ma,, = 20.5, 20.5, 21.7, 21.7, 20.7, 19.7 respectively
with an exposure time of 100 seconds per exposure. One of the stated goals is
to search for new dwarf galaxy companions to the Milky Way. The telescope saw
first light in 2008 but the full sequence survey is less than 10% complete. A short
survey aimed at calibration using stars and based on 5-second exposures, where
the limiting map,, ~ 16, is almost complete; http://rsaa.anu.edu.au/research/
projects/skymapper-southern-sky-survey.

ESO is developing a new multi-feed spectrograph for use on its very large telescope
(VLT) http://www.eso.org/sci/publications/announcements/sciann16020.html
and http://www.roe.ac.uk/~ciras/MOONS/VLT-MOONS.html. It will be able to
harness the collecting power of the 8.2 m telescope. The Multi Object Optical
and Near-infrared Spectrograph (MOONS) will be able to simultaneously measure
~ 1000 objects in the near infra-red. In the I-band and targeted at the the Ca

IT triplet it will have a resolving power of ~ 9000. It is currently in the early de-
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Table 1.2.: Recent discoveries of faint LG objects up to 20 September 2015 [McConnachie, 2012]

No. Galaxy names References Survey
(8)  Tucana III, Grus II, Columba I, Drlica-Wagner et al. [2015] DES
Tucana IV, ,Reticulum ITI, Tucana V,
Indus I, Cetus II

(7)  Reticulum 2, Eridanus 2, Koposov et al. [2015], DES
Horologium I,Pictoris 1,Phoenix 2, Bechtol et al. [2015] DES
Eridanus 3, Tucana 2

(1) Grus1 Koposov et al. [2015] DES

(1) Kim 2 Kim et al. [2015Db], Stromlo

Koposov et al. [2015], DES
Bechtol et al. [2015] DES

(1)  Pegasus 3 Kim et al. [2015a] SDSS/DES

(1)  Horologium 2 Kim and Jerjen [2015] DES

(2)  Draco II, Sagittarius II Laevens et al. [2015a] PanStarrs

(1)  Triangulum II Laevens et al. [2015b], PanStarrs

Kirby et al. [2015a] .

(1) Hydrall Martin et al. [2015] DES

Kirby et al. [2015D)]

Three new dwarfs lie beyond 1 Mpc: Antlia B [Sand et al., 2015],
KK 258 [Karachentsev et al., 2014],
KKs3 [Karachentsev et al., 2015a,b].

sign stage having just passed its preliminary design review and is expected to be in

operation from 2019.

The total number of new objects within 1 Mpc of the barycentre now stands at
23, 16 as a result of the first year of operation of the Dark Energy Survey, 4 from
Pan-STARRS and 3 from the Stromlo MW Survey. All are currently considered
ambiguous objects, either globular clusters or dwarf satellites. Table 1.2 lists these

most recent discoveries.

Many of the new satellites discovered are elliptical and very faint. They are
believed to be very old and no longer forming stars. Radial velocity dispersions
from integrated light spectroscopy are very high, consistent with a high mass, even

though their luminosities are low.

If the discoveries continue at the present rate with the deeper and wider surveys
of PanSTARRS and DES, then it might be expected that ~ 80 more dwarf objects
might be discovered over the whole sky bringing the total to ~ 150, which is > 50%
of Klypin et al. [1999]’s prediction.
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1.2.6. Mass-to-light ratio

The mass-to-light ratio, T, already introduced in §1.1, is a commonly quoted galaxy
property and is the ratio of the dynamical mass of a galaxy, M, and its integrated
luminosity, £, quoted in solar units. Dynamical mass is measured by observing the
velocity dispersion of galaxies, usually in integrated optical or radio spectra, and
luminosity is measured photometrically. The mass-to-light ratio of galaxies varies
over a wide range depending on galaxy type.

Faint galaxies appear to have a proportionately greater T than their brighter
siblings. In the solar neighbourhood, T ~ 2to 2.5 T and the Milky Way is
estimated to have T = 707° Y. [Binney and Tremaine, 2008], although the
errors are large owing to the uncertain quantity of dark matter in the Galactic
halo. Typically dwarf elliptical and dwarf spheroidal galaxies, see §1.3.2, range from
~ 200 YT, to 500 Y. Dwarf spheroidal galaxies (dSphs) appear to be abundant
in comparison with other galaxy types, particularly in the LG. They are faint, and
some are ultra-faint and extremely dispersed. These values are similar to the aver-
age cosmological T & 220480 T, [Binney and Tremaine, 2008|, which would imply
that they are strongly dominated by dark matter.

Following the recent Pan-STARRS discovery of Triangulum II, Kirby et al. [2015a]
has estimated T ~ 36007355 Yo, which is by far the largest mass-to-light ratio
claimed for a galaxy of the LG and suggests an ultra-faint, very massive object.
These high T objects have been proposed as good laboratories for the study of dark

matter.

1.2.7. Dynamics at the Local Group boundary.

The ACDM cosmological model implies that on large scales the Hubble flow dom-
inates and at small scales gravity dominates. The Hubble flow is driven by the
cosmological constant, A, and gravity is governed by dark matter. This leads to a
conjecture that at some point - the zero velocity surface referred to above - there
should be a crossover from one regime to the other, and that a transition region
should exist around objects or clusters of objects. Outside this region the Hubble
flow dominates and inside gravity dominates, and this may leave some trace in the
kinematics of objects in the region.

Work has been published in the recent past on transition regions in the Local
Group (LG) and on the Virgo cluster [Karachentsev et al., 2009, Chernin et al.,
2010], which take place at a zero-velocity surface surrounding galaxy groups. For

the LG, the radius of the zero-velocity surface from the barycentre has been vari-
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ously calculated [Karachentsev et al., 2009, McConnachie, 2012] and lies at a radius
Ric ~ 1 Mpc. Karachentsev et al. [2009] provide values for the radius of the zero
velocity surface, Ry = 0.9440.05 Mpc for Hy = 70 km s~! Mpc™!, Ry = 0.96 +0.03
Mpc for Hy = 72 km s~! Mpc~?, using the velocities of 20 galaxies lying between 0.7
and 3 Mpc from the LG barycentre. Six galaxies (Leo A, Tucana, WLM, Sagittar-
ius dwarf irregular, Aquarius and UGC 4879) lie close to the zero-velocity surface,
and McConnachie [2012] uses their mean distance to derive the radius, Ryg, of the
zero-velocity surface at 1060 4= 70 kpc, which is shown in Figure 1.4. In comparison
Karachentsev et al. [2009] obtains Ry = 0.98 £ 0.05 Mpc from the same 6 galaxies.
The zero-velocity surface for the Virgo Cluster (distance ~ 16.5 Mpc) falls at radius
Ryc =~ 10 Mpc [Chernin et al., 2010], well outside the zero-velocity radius of the
LG.

These 6 galaxies all appear to be irregular and should contain red giant branch
(RGB) and asymptotic giant branch (AGB) stars bright enough for radial velocity
measurement. HI gas velocities and rotation are already known for these galaxies
but there is virtually no information concerning the kinematics of the stellar popula-
tion. The dynamical behaviour of the gas is governed by gas equations and particle
collisions and is likely to be quite different from stars. The two populations will
normally give different results.

Making radial velocity measurements may enable examination of how much the
slope of the radial velocity per unit distance in Figure 1.4 is attributable to the
Hubble Flow and how much is attributable to the gravitational forces of the LG,
the Virgo cluster and other nearby clusters. Making radial velocity measurements
of the six dwarf galaxies close to the zero velocity surface of the LG may also may
help to separate out the dynamical histories of the galaxies and explain why this

region appears to be so devoid of galaxies.

1.3. Galaxies

1.3.1. Galaxy classification

Before presenting the analysis of NGC 6822, it is appropriate to say a little more
about the different kinds of galaxies found in the LG and beyond. Galaxies are
classified in terms of their apparent shape in the sky. One of the first attempts to
classify galaxies was performed by Hubble in his ‘Realm of the Nebulae’ [Hubble,
1936] and is shown in Figure 1.5. The classification followed the shape of a tuning

fork with elliptical galaxies at the left hand side and spiral galaxies on two branches

Page 18



CHAPTER 1. INTRODUCTION Carbon Star Rotation in NGC 6822

on the right hand side. In Hubble’s time, it was believed that elliptical galaxies were
the progenitors of spiral galaxies, so they came to be called early types, and spirals
as late types. Nowadays, this evolutionary model is no longer accepted, if anything
ellipticals are probably the result of major mergers of spirals, not the reverse, but
the terms are still used.

Elliptical galaxies tend to be gas poor and have few young stars [Sparke and
Gallagher, 2007], thus they are made up of old stars and are therefore generally
redder in colour. Their shape becomes increasingly more elliptical as the sequence
moves to the right, from EO to E7 in Figure 1.5. En indicates the eccentricity of the
ellipse where n = 10[1 — (b/a)], a is the major axis of the ellipse as projected on the
sky and b the minor axis [Binney and Merrifield, 1998].

Spiral galaxies tend to have an old redder central bulge but are actively star
forming in the arms which appear bluer. At the point of division between the two
forks in Figure 1.5, the upper branch depicts the structure of spiral galaxies where
the spirals emanate from the central bulge of the galaxy and the spirals become
less and less tightly wound as the sequence progresses. These are S type galaxies
and designated Sa, Sb, Sc as the sequence moves to the right. The lower branch
depicts the structure of barred galaxies with the nomenclature SBa, SBb, SBc as
the sequence progresses.

Hubble himself recognised shortcomings in his classification method, which did
not adequately address irregular galaxies, for example, but the classification is still
in use, modified and improved principally by de Vaucouleurs in the 1950s [de Vau-
couleurs, 1959]. One of the principal revisions made by de Vaucouleurs was the
addition of the r— and s— type sub-division for barred spiral galaxies, which recog-
nises two different attachments of the spirals to the central bar. In s— types, the
spirals attach directly to the ends of the bar, such as SBb in Figure 1.5, whereas
in r— type galaxies the spirals attach to a ring-like structure around the bar, such
as SBa in Figure 1.5. Hodge [1966] depicts this as a classification volume showing
gross galaxy types along the central axis from elliptical (E) to Magellanic spirals
(Sm) and (Im). Barred and non-barred galaxies are depicted on opposite sides of
the volume, and the sub-divisions s— and r— in quadrature to them, as in the lower
panel of Figure 1.5.

A good discussion of the development of the classification is given in ‘Classification
and Stellar Content of Galaxies’ in Sandage et al. [1975], Chapter 1. It is worth just
noting at this point the remarkable success of the Galaxy Zoo citizen science project,
which requests members of the general public to classify SDSS images presented on-

line. It uses the basic galactic types of Hubble and de Vaucouleurs and has released
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Figure 1.5.: Galaxy Classification
Upper panel: Hubble ‘Tuning Fork’ of galaxy classification [Hubble, 1936].
Lower Panel: Hodge’s 1966 depiction [Hodge, 1966] of the De Vaucouleurs 1959 revi-
sions [de Vaucouleurs, 1959].
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its second morphological classification of over 304,122 galaxies [Willett et al., 2013].

1.3.2. Galaxy types

Characteristics of the galaxy types are summarised below:

o FElliptical galaxies. Elliptical galaxies tend to contain old stars and are red
in colour. There contain little gas at present and there is little though some
star formation in some ellipticals [Rogers et al., 2009]. In relaxed systems,
the system is pressure supported by the random motion of the stars, and the
velocity dispersion of the stars, o, is empirically linked to the luminosity, L,
of the galaxy by the Faber-Jackson relation, L o< o*. Empirically, this can be

quantified as follows:

LV < g

4
5 x 10007~ 300k _1> (in the V—band) [Sparke and Gallagher, 2007]
® m S

LR < g

4
RS _1> (in the R—band) [Binney and Tremaine, 2008]
® m S

Ellipticals have a surface brightness which is high in the centre of the sky-
projected image and drops off exponentially with radius. A common surface
brightness profile is the Sérsic law, I,,(R) = I(0) exp(—kRY™), where I,,(R)
is the surface brightness at radius R and 7(0) is the surface brightness at the
centre. k is a constant of proportionality and m is the Sérsic Index which is
proportional to the luminosity of the galaxy ranging from m =~ 6 for bright

galaxies to m ~ 2 for dim galaxies [Binney and Tremaine, 2008].

The sizes of ellipticals, when plotted in 3 dimensional space with surface bright-
ness and central velocity dispersion, results in them lying on or close to a
fundamental plane, which is formulated empirically as R, o« o?I;7%8. R, is
the effective half light radius, o is the velocity dispersion within R, and I,
is the surface brightness at R.. High mass galaxies have a correspondingly
high velocity dispersion and also tend to be luminous. For large ellipticals it is
found that there is a strong correlation between mass/light ratio and velocity

dispersion [Binney and Tremaine, 2008].

e Spiral galazies. Spiral galaxies host a central pressure-supported bulge sur-
rounded by spiral arms of gas, dust and stars, which are rotationally sup-
ported, attached at one end to the bulge. They typically have a spherical halo

of old stars and are believed to lie inside a much larger dark matter halo which
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influences their rotation speed. The bulges of spiral galaxies tend to contain
mainly late type dwarf stars (K and M types on the main sequence, small, red
and abundant) while the spiral arms tend to have more young main sequence
stars, whose light is dominated by massive, hot, blue and luminous O, B, A
stars). As a result, the bulge tends to be redder than the spiral arms, which

are bluer as a result of stars forming.

As for elliptical galaxies, the kinematics of a spiral galaxy can be predicted
This

relates the total luminosity with the maximum rotation speed of the disk,

from its luminosity, following the Tully-Fisher relationship, L o V¢

max*

where o ~ 4. Empirically, & ~ 4 in the I—band, where it has been found
that:

L Ve \* /.

= 101[0L ~ (200 - _1) (in the /—band) [Sparke and Gallagher, 2007]
1,06 m s

(1.2)

e Barred spiral galaries. The two largest galaxies in the LG both are barred spi-
ral galaxies, of mass ~ 102 M, [Evans and Wilkinson, 2000]. They comprise
a large central bulge from which a bar extends outward on both sides. Spiral

arms are attached to the bar or to a ring encircling the ends of the bar.

The bulge and bar of barred spiral galaxies are usually old and red. They are in
general not star forming. The spiral arms however contain gas from which stars
are formed, hence like spiral galaxies, the arms of the barred spiral galaxies

tend to be blue in colour.

The Milky Way (MW) is a barred spiral galaxy (S(B)bc), lying between the b
and c classifications [McConnachie, 2012]. The MW is considered to comprise
a bulge of old stars, a halo of old stars, a thin disk containing spiral arms with
star forming regions and young stars, and a thick disk of stars which have a
lower metallicity than those in the thin disk and are believed to be a separate

population.

Andromeda (M31) is a spiral galaxy (Sb), McConnachie [2012]. In de Vau-
couleurs classification it is SA(s)b, de Vaucouleurs et al. [1991]. This classifi-

cation can be seen in the lower panel of Figure 1.5.

e Irreqular (Irr) galazies. Extending beyond the spiral branches of the Hub-
ble Tuning fork, where the spiral arms have become indistinct, lie classes of

galaxies which appear to have irregular morphologies [Binney and Tremaine,
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2008]. They are gas rich so their luminosity is dominated by hot young stars
and HII regions, but the stars are not distributed regularly in spiral arms,
but in a more random fashion, which results in an irregular appearance [Bin-
ney and Tremaine, 2008]. Typical of these irregular galaxies are the Large
and Small Magellanic Clouds, LMC and SMC, although the SMC is given the
epithet ‘dwarf’ galaxy. The Large Magellanic Cloud (LMC) is an Irregular
(Irr) galaxy [McConnachie, 2012], or SB(s)m in de Vaucouleurs classification
[de Vaucouleurs et al., 1991]. It has an absolute magnitude My, = —18.1
[McConnachie, 2012]. The Small Magellanic Cloud (SMC) is a dwarf irregu-
lar (dIrr), SB(s)m pec in de Vaucouleurs classification [de Vaucouleurs et al.,
1991]) with an absolute magnitude My = —16.8 [McConnachie, 2012].

Irregular galaxies are also observed which are the result of galaxy collision or
merging, where tidal interaction has disrupted the stellar distribution of spiral
or elliptical galaxies, or where streams of stars from the galaxies have been
ejected, or where intense bursts of star formation have occurred, distorting
the apparent stellar distribution [Binney and Tremaine, 2008]. Major mergers
tend to significantly disturb both galaxies and throw out wispy trails of stars,
gas and dust (e.g. Antenna galaxy: NGC 4038/NGC 4039). Minor mergers
tend to increase star formation in the larger galaxy and completely tidally
strip the smaller galaxy transferring its stars, gas and dust into a complex
substructure (streams, rings, thick disk) within the galaxy, its precise fate
being determined by the initial conditions of the merger [Binney and Tremaine
[2008] and references therein]. In the LG, the Magellanic Bridge as an example
of tidal disruption involving the dwarf irregular galaxies LMC and SMC. It is
seen as a bridge of stars connecting the two galaxies and is believed to have

been formed after “collision” of the galaxies [Bagheri et al., 2013].

e Duwarf galazies. Dwarf galaxies typically have masses between 10% and 10® M,
[McConnachie, 2012]. A galaxy is considered ‘dwarf’ if its absolute magni-
tude, My, is fainter than —18 [Grebel et al., 2003, McConnachie, 2012]. They
can be classified as dwarf ellipticals (dE), dwarf spheroidals (dSph) and dwarf
irregulars (dIrr). dEs and dSphs are elliptical in shape but dSphs are gener-
ally smaller, at around 10° M. dEs have generally a greater luminosity than
dSphs. Recently a number of ultra-faint dwarfs have been discovered, as dis-
cussed in §1.2.2, with extremely low luminosity. Both have a low gas content
and show little sign of star formation. Curiously, the velocity dispersions of

the stellar content seems to stay quite high (tens of km s™!) even though the
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luminosity reduces. Hence the smaller the galaxy appears to be, the greater
its mass-to-light ratio. In the LG, dEs are often bound to M31, but dSphs

appear to be more generally distributed.

Dwarf irregulars tend to lie in the outer half of the LG and show signs of
disruption. They often have sufficient gas content to permit star formation.
In many cases, their mass has not been fully estimated, although components

of their matter content, for example the gas content in some cases, have.

e cD galaxies. cD galaxies are elliptical galaxies with a very bright central sur-
face brightness. They are often surrounded by other bright elliptical galaxies
forming clusters. They have a steep fall off in surface brightness with radius
[Binney and Merrifield, 1998, Binney and Tremaine, 2008].

Whereas in normal ellipticals, the velocity dispersion tends to fall with increas-
ing radius from the galaxy centre, in cD galaxies the velocity dispersion tends
to rise [Binney and Merrifield, 1998], implying that they are part of a much
larger cluster halo. In this event, the term brightest cluster galaxy (BCG) is

often used to describe them [Binney and Tremaine, 2008].

1.4. Genesis of this work

This work was an opportunity to study the resolved, intermediate age stellar pop-
ulation of NGC 6822 from spectra already obtained by Sibbons et al. [2015]. NGC
6822 is a dwarf irregular galaxy in the southern hemisphere too faint to be seen with
the naked eye*. An image of NGC 6822 is shown in Figure 1.6. While originally
intended to be an introduction into the techniques of spectral analysis for radial
velocity measurement, it was quickly found that good science could be extracted
from the spectra even though the observations were not optimised for that purpose.

The spectra used were obtained by Sibbons et al. [2015] using the AAOmega spec-
trograph over two nights, 30 and 31 August 2011, at the Australian Astronomical
Observatory, at Siding Spring, New South Wales. The instrument can measure up
to 400 objects over a range of bands in the visible and infra-red spectral regions,
using optical fibres mounted on a field plate placed in the focal plane of the tele-
scope. The fibres are led to the spectrograph and are arranged into a pseudo-slit by

vertically stacking the fibres at its input. Light from the fibres was split into two

4Tt has an absolute magnitude of Mp — 15.85 [Hodge et al., 1991], and an apparent magnitude of
m = 9.31 (NED), and my = 8.1£0.2, m; = 7.48340.025, myg = 6.916+0.03, mk = 6.7241+0.045
(SIMBAD).
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beams, a red beam and a blue beam, by a dichroic filter, at 5700 A ®. Each beam
was passed through a transmission diffraction grating before reaching a ccd camera.
Each camera has an array of 4096 x 2048 ccd pixels and measures the photon counts
in each pixel. The spectrum is dispersed along the 2048 pixel axis.

AAOmega has a range of diffraction gratings for various purposes and the grat-
ings used by Sibbons et al. [2015], 385R with the red camera and 580V with the
blue camera, were of the widest spectral range which was desirable for the spectral
classification work undertaken therein. Consequently they were also of the lowest
resolution in the AAOmega grating set, with resolving powers of R = 1300. The
raw data had been reduced to science data through the data pipeline and issued as
a .fits file. Each .fits file contains a header and the signal level for each pixel. When
corrected for bias and gain, the signal level is proportional to the photon count and
also contains some noise.

The selection of objects for spectroscopy was made by Sibbons et al. [2015] to
validate a photometric AGB classification study. Sibbons et al. [2015] obtained the
spectra over a waveband from 3700 A to 8800 A, but in this study, radial velocities
were measured with the spectra from the red camera only, 5700 A to 8300 A, because
of inadequate signal to noise ratio (SNR) in the blue spectra. A number of fibres
were used as sky fibres and guide fibres, others were not used and parked. The
spectra of 4 other objects were not used, so the total number spectra available for
analysis was 323. Of this total, the sample contained 96 carbon stars within the 4
kpc of the galactic centre, which became the targets for this study.

The spectra were observed for only 25 minutes yielding a rather poor SNR. Al-
though the spectral resolution and SNR are not ideal for radial velocity measure-
ments and led to large individual errors, there is a sufficiently large number of objects
in the sample to reduce the standard error in the mean to an acceptably low value.

Having set out the background to galaxy formation in a cosmological context and
introduced the spectral data and analysis approach which was used to study NGC
6822, I now present the details of the measurement of individual stellar velocities in
the galaxy and provide its radial velocity, its rotation velocity and the orientation of
its rotation axis. This work, as presented in §2, has been submitted for publication

[Thompson et al., 2016] [in prep].

Sanother is available at 6700 A
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Figure 1.6.: NGC 6822: Barnard’s Galaxy showing the irregular shape of the galaxy. The central
bulge is visible, and also a faint halo. The galaxy also has a prominent HI gas disk
which is not visible in this image. The image dimensions are 35 arcmins x 34 arcmins
Image credit: European Southern Observatory (ESO)
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2. Stellar Kinematics in NGC
6822

2.1. Structure of NGC 6822

NGC 6822 (Barnard’s galaxy) is a relatively bright and well studied dwarf irregular
galaxy. It lies within the Local Group (LG), quite close to the Milky Way, and is the
third nearest dwarf irregular galaxy after the Large and Small Magellanic Clouds. It
was the first object to be shown to lie outside the Milky Way [Hubble, 1925]. It has
no known close companions and lies in a region relatively devoid of other galaxies
[de Blok and Walter, 2000]. Despite its apparent isolation, there is some evidence
of tidal interaction and a burst of star formation 100 — 200 Myr ago [de Blok and
Walter [2000] and references therein].

The location of NGC 6822 has a range of published values for right ascension
(o) and declination (4)!, but for the purposes of this paper, I use a = 19"44™56°,
§ = —14°48'06” (J2000). This is at the centre of a 3 deg? field used by Sibbons et al.
[2012, 2015] and is adopted here for consistency, since this study uses spectra drawn
from their sample.

The galactic distance is variously reported to lie between 450 to 500 kpc. For the
purposes of this paper, its distance is not important, but where I do use it, I again
adopt the same value as Sibbons et al. [2012, 2015], 490 4+ 40 kpc, for consistency
with that work. Sibbons et al. [2012, 2015] also quotes a distance modulus for NGC
6822 of (m— M) = 23.45+£0.15 (= 490+ 34 kpc). In recent years, papers have been
published which have provided new distance moduli using Cepheid variables, from
which the distance and error can be readily derived. Many of these re-estimates have
reduced the radial distance to NGC 6822 by about 10% from the value used herein.
The distance modulus derived by Gieren et al. [2006] is (m — M)y = 23.312 £ 0.021

LSIMBAD [Skrutskie et al., 2006]: o = 19244™56.199%, § = —14°47'51.29” (J2000).
NED [2010SEG..C......0C]: o = 19h44™57.75, § = —14°48/12" (J2000).
McConnachie [2012]: = 19P44™56.65, § = —14°47'21" (J2000).
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(2 460 + 4.4 kpc). Feast et al. [2012] gives (m — M)o = 23.40 + 0.05% (=~ 479 + 11
kpc), and Rich et al. [2014] gives (m — M )o = 23.38 £ 0.025tat £ 0.045ys (= 474 £ 13404
kpc). For the formulae used to determine the distance errors from the distance
moduli, see Appendix A.

Morphologically, NGC 6822 has three components: a gaseous disk of HI (Figure
2.1, left hand panel), an outer spheroid of stars (Figure 2.1, right hand panel) and
a small central core of young stars [Hodge et al., 1991]. Tts HI content has been
studied by de Blok and Walter [2000] and its the stellar content, especially Red
Giant Branch (RGB) and Asymptotic Giant Branch (AGB) stars, by Letarte et al.
[2002], Battinelli et al. [2006], Demers et al. [2006] and Sibbons et al. [2012, 2015].
The HI gas disk appears to lie at a position angle (PA) of ~ 130° when observed
from tip to tip [de Blok and Walter, 2000]. However, it also appears to twist and in
Weldrake et al. [2003], the PA is stated as ~ 110°, which is closer to the major axis
of the central part of the disk, as shown in Figure 2.1 (left hand panel). Letarte
et al. [2002] shows that carbon stars lie well outside the HI disc and Demers et al.
[2006] and Battinelli et al. [2006] show that the isophotes of RGBs of NGC 6822 are
also elliptical, where the major axis PA changes from ~ 65° (outermost contour) to
~ 80° (innermost contour), as shown in Figure 2.1 (right hand panel).

Much of the published velocity data for NGC 6822 has been derived from the HI
gas content of NGC 6822 using the 21 cm line [Koribalski et al., 2004, Weldrake
et al., 2003]. Koribalski et al. [2004] measures a heliocentric radial velocity, Vielio, of
—5742 km st for NGC 6822 from its HIPASS spectrum, and this now a commonly
cited value. Mateo [1998] and sources therein, also provide Ve, based on the HI
component, V5 aqio 0f =54 +6 km s7!, and Weldrake et al. [2003] similarly provides
a HI derived systemic (radial) velocity® in the range —53.3 km s~! to —54.7 km s™!
at the centre of the HI gas.

Rotation of the gas disk has also been measured at 21 cm. Mateo [1998] provides
a value for the rotation of the HI disk, vyot,19Mm, of 47 £ 3 km s~! and Weldrake et al.
[2003] shows that the velocity of the HI disk ranges from —100 km s™! at the NW
extreme (blue-shifted) to 410 km s™! at the SE extreme (red-shifted). McConnachie

! uncorrected for

[2012] quotes a peak observed rotation speed of 47 4+ 2.0 km s~
inclination or asymmetric drift, citing Koribalski et al. [2004] and Weldrake et al.
2003].

However, with regard to the stellar kinematics of NGC 6822, there are published

2Feast et al. [2012] does not claim any precision with the error value, owing to the difficulty in
measuring the true uncertainty in the value of the distance modulus.
3T assume all velocities quoted in Weldrake et al. [2003] are corrected to heliocentric
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—14°30"

Declination (J2000)
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19h47™ 46™ 45™ 44™
Right Ascension (J2000)

Figure 2.1.: Gas and stellar morphology of NGC 6822
Left hand panel, HI isodensity curves of NGC 6822 [de Blok and Walter, 2000]. The
HI curves exhibit a disk-like structure, which is twisted with a major axis PA from
~ 110° to ~ 130°.
Right hand panel, RGB stellar isodensity profiles [Demers et al., 2006]. The RGB
profiles exhibit elliptical contours, where the major axis PA changes from ~ 65° (out-
ermost contour) to ~ 80° (innermost contour).
The solid line in the right hand panel lies at 65° and the dashed line lies 130°. The
panels are shown to approximately the same scale and orientation.
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Table 2.1.: Published Distance and Kinematic Data for NGC 6822

Source: Dist. Vrad(stellar) Vrad(HI) Vrot(stellar) Vrot(HI)
kpc km/s km/s km/s km/s
Mateo [1998] + 490 + 40 —53+4 —54+6 47+ 3
Weldrake et al. [2003] 490 + 40 —53.3 to —54.7 PA 109° to 150°
Koribalski et al. [2004] —57+2*
Demers et al. [2006] +10 to =70 PA 63 — 67° PA~ 130°
Gieren et al. [2006] 460 £ 4.4%*
Feast et al. [2012] 479 £+ 11**
McConnachie [2012] 459 £ 17 47.0+£2.0
Rich et al. [2014] AT4 £ 137
Kirby et al. [2014] —54.5+1.7

*  HIPASS spectra measured at midpoint between the 50% peak flux points in km s—!.

**  Calculated from distance moduli using formula in Appendix A.

data for Vjeo, but little regarding stellar rotation. Mateo [1998] and references
therein, provide a value of Vi based on optical measurements* of Vo,opt = —03+4
km s~!. Kirby et al. [2014] studies the kinematics of seven isolated dwarf galaxies in
the LG, including NGC 6822, from the radial velocities of red giant stars, finding a
mean heliocentric radial velocity for NGC 6822, (Viio), of —54.5 £ 1.7 km s™! and
a dynamical mass over the half light radius of M/, = 2.4+0.3 x 108 M. Table 2.1

summarises these and other published data.

Most references to stellar rotation cite Demers et al. [2006], who in a separate
paper [Demers and Battinelli, 2007] suggest that radial velocities of individual NGC
6822 giants might give some insight into rotation of the stellar population. In Demers
et al. [2006], the radial velocities for 110 carbon stars, taken from a sample in Letarte
et al. [2002] and lying within 15" (~ 2.1 kpc) of the HI major axis, are measured,
although the individual stellar measurements are not published. A variation in
residual velocity along the major axis of the outermost RGB isophote is interpreted
to be a signature of rotation about the minor axis. As a result, the paper suggests
that the carbon stars appear to rotate about an axis roughly perpendicular to the
rotation axis of the HI disk, resembling a Polar Ring Galaxy (PRG). It would be
extraordinarily useful if NGC 6822 is a PRG, since they are very rare. The Sloan
Polar-Ring Catalogue (SPRC), which uses images from the Sloan Digital Sky Survey,
includes only 6 confirmed PRGs from a total of just 275 candidates. Discovery of a
nearby PRG would present a remarkable opportunity to study these galactic types

at close hand.

4Assumed to be integrated light, but Mateo [1998] does not specify
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Kirby et al. [2014] checked for signs of rotation in their sample of 7 dwarf galaxies,
and found that only the Pegasus dwarf irregular showed obvious signs. For NGC
6822, they refer to the findings of Demers et al. [2006]. They comment that while a
rotation of the order of ~ 10 km s~! is possible in NGC 6822, their data were too
highly obscured by velocity dispersions to be certain.

The published studies of the galaxy’s stellar rotation are complemented by other
studies of the motion of globular clusters [Veljanoski et al., 2015] and planetary
nebulae [Flores-Durdn et al., 2014]. Veljanoski et al. [2015] studies the globular
cluster (GC) system of NGC 6822, in which 8 GCs are presently identified (see
Table 1 therein). The radial velocities of 6 of the GCs are given and (Vjerio) is
deduced to be between —59 and —60 km s~!. The spatial distribution of the GCs
in their data is rather linear and lies approximately parallel to the major axis of the

AGB isophotes. Three possible dynamical models are considered:

e ‘Disk model’, in which the rotation axes are similar to that suggested by
Demers et al. [2006]. The resulting rotation rate is 12 4+ 10 km s™'.

e ‘Cigar model’, where the cluster system shares the same rotation axis as the
HI disk. In this case the rotation rate is determined to be 56 £ 31 km s~

e A scenario where there is no net rotation by disconnecting any relationship

between the gas disk and the stellar component.

In none of these models are they able to independently determine the PA of the
rotation axis owing to the small number of objects in their sample of GCs, but their
preferred case is the ‘Disk model’, owing to its low rotation rate. They argue that in
the case of the ‘Cigar model” the rotation is too high, and would cause the sample
to flatten into a disk which they do not observe.

In Flores-Durdn et al. [2014], the motion of 10 planetary nebulae (PNe) in the
galaxy are studied. PNe are the evolutionary stage reached by AGBs after the end
of their lives, and may thus provide complementary kinematic information of the
galaxy. Flores-Durén et al. [2014] compute the mean (Vi) of the PNe to be —57.8

L (not

km s~!. They compare their result with a C-star mean Vi, of —32.9 km s~
cited), and the mean Ve, of 4 GCs of —88.3 km s™! [Hwang et al., 2014] and deduce
the PNe, C-stars and clusters belong to different dynamical systems. Referring to
Demers et al. [2006], they also infer that different dynamical systems are involved
for the gas disk and the stars, but with so few PNe, they are unable to reliably fit

the radial velocity data to either system.
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The Mateo [1998] census contains radio and optical Vje, values for NGC 6822
and rotation velocities of the HI gas. It does not provide any velocity for stellar
rotation. In recent years, McConnachie [2012] has prepared a new census including
over 100 galaxies within 3 Mpc of the LG barycentre, of which nearly 80 galaxies
lie in the LG. This census includes data for recently discovered galaxies and recent
measurement of key parameters. For NGC 6822, McConnachie [2012] and references
therein give values for Va0, and for gas rotation but again none for stellar rotation.

This study provides the results of a new study of the kinematics of NGC 6822,
based on the spectra of individual stars obtained by Sibbons et al. [2015] in 2011. It
follows studies by Sibbons et al. [2012, 2015]) which classify stars, photometrically
and spectroscopically, from a set taken from the catalogue of Letarte et al. [2002].
These studies were able to distinguish C-type and M-type AGBs from other types,
so that although Demers and Battinelli [2007] cautions that the separation of carbon
stars associated with NGC 6822 from foreground Galactic dwarfs might be difficult,
my present study has the advantage of using the spectra of stars which have already
been classified as carbon stars in NGC 6822, with a high degree of confidence.

The radial velocities of well over 100 stars within a 4 kpc radius of the centre of
NGC 6822, (the inner region), and well over 100 stars outside the 4 kpc radius, (the
outer region), are measured and reported. In the inner region many of these stars are
classified as carbon stars and are expected to be associated with the galaxy [Sibbons
et al., 2015]. In the outer region, most of the stars are expected to be foreground
Milky Way stars [Sibbons et al., 2012, 2015].

Based on the aggregated sample of carbon stars in the inner region, a value for
the heliocentric radial velocity of NGC 6822 is derived. The kinematics of individual
stars in the sample indicate that they belong to the same population, supporting
Sibbons et al. [2015]. Moreover, the radial velocity measurements are accurate
enough to reveal rotation of the stellar component about an axis through the centre
of the galaxy, and to derive its rotational speed and a new PA for the axis of rotation.
In §2.2, T discuss the data set, its origins and its limitations. In §2.3, I discuss the
method used to analyse the data set including the selection of objects for analysis.

In §2.4, T discuss the results and in §2.5, I draw conclusions.

Structure of NGC 6822 in contrast to MW and M31

NGC 6822 comprises late type stars and little gas in the central core, a disk of gas
and dust with star formation causing it to appear bluer in this region and a halo

of older intermediate stars including red giant branch stars (RGBs) and asymptotic
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branch stars (AGBs).

Its central core has been studied by Hodge et al. [1991]. It appears to be elliptical
in shape with a major axis rotated to a PA~ 10°. Its HI content has been studied
by de Blok and Walter [2000] and its the stellar content, especially Red Giant
Branch (RGB) and Asymptotic Giant Branch (AGB) stars, by Letarte et al. [2002],
Battinelli et al. [2006], Demers et al. [2006] and Sibbons et al. [2012, 2015]. Letarte
et al. [2002] showed that carbon stars lie well outside the HI disc. The HI gas disk
appears to lie at a position angle (PA) of ~ 130° when observed from tip to tip.
However, it also appears to twist and in Weldrake et al. [2003], the PA is stated as
~ 110°, which is closer to the major axis of the central part of the disk. According to
Demers et al. [2006] and Battinelli et al. [2006], the C-type stars and RGBs of NGC
6822 form ellipsoids as shown in right hand panel of Figure 2.1, where the major
axis PA changes from ~ 65° (outermost contour) to ~ 80° (innermost contour).

The orientations of the gas disk and the stellar halo whose isophotal major axes are
~ 90° apart, and the stellar radial velocity dispersion about putative rotation axes,
led Demers et al. [2006] to conclude that the halo and disk rotate about axes ~ 90°
apart, thus suggesting an unusual type of galaxy, the polar ring galaxy. However,

this study does not support this analysis.

2.2. Observations and Data

This study uses asymptotic giant branch (AGB) stars as tracers of kinematic proper-
ties of the galaxy. AGB stars are amongst the brightest stars in an intermediate-age
or old stellar population and can be resolved in galaxies beyond the Milky Way,
making it possible to study them individually. They are intermediate age stars of
2 — 8M, which have evolved from the main sequence and through the red giant
branch (RGB) stages of stellar evolution. They have swelled to a large radius and
are thus bright with a relatively low temperature.

AGBs tend to divide into those with oxygen rich atmospheres (M-types), and those
with carbon rich atmospheres (C-types or carbon stars). Their surface temperatures,
Ter, range from as low as 2200 K [Matthews et al., 2015] for old stars near the end
of their lives up to ~ 4000 K for intermediate age stars®. The continuum peaks at

wavelengths in the near infra red, with increasing brightness through the 1, J, H
and K bands.

°In van Belle et al. [2013], 12 carbon stars are found to be in a range of Teg = 2381 & 81 K to
3884 4+ 161 K, with a mean at 2800 + 270 K.
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The spectrum of a typical AGB contains a number of absorption features, pre-
dominantly broad TiO bands in M-type AGBs, broad CN bands in C-type AGBs.
The I—band spectral region also contains the Ca II triplet lines in both types of
AGB. The Ca II triplet lines are ideal for measuring radial velocities as they are
narrow atomic features lying where the continuum is relatively strong, producing
absorption features ideally suited to radial measurement. In this study, I use the
spectra of carbon rich AGBs classified by Sibbons et al. [2015] as follows: confirmed
C-type stars (C); tentative C-type stars (C:), confirmed C-type stars which exhibit
Ho and sometimes [S II] and [N II] emission (Ce) and tentative C-type stars which
similarly exhibit emission (Ce:).

Wide band, low resolution spectra for 323 target objects, out to ~ 8 kpc from
the galactic centre, were obtained using the AAOmega multifibre spectrograph and
gratings 385R and 580V on 30 and 31 August 2011 [Sibbons et al., 2015]. This study
uses the spectra from grating 385R only, which has a bandpass from 5687 A to 8856
A, covering the Ca II triplet, dispersed at 1.6 A pixel™!. A complete list of the
objects is found in Appendix B, each with its spectroscopic classification [Sibbons
et al., 2015]. Each object is identified by a number which corresponds to the fibre
head covering the object, and throughout this paper, objects are referred to by their
fibre number. The spectra were reduced by Dr L Sibbons to science frames, using
the AAOmega pipeline. The spatial position of each object is plotted in Figure 2.2,
which shows 135 objects in the inner region, and 188 objects in the outer region.
Ninety eight black points and one red point show the positions of the C-type AGBs.
The red point is the location of object #31 which was utilised in the processing
of the data described later. Three black points located just outside the outermost
isodensity profile were not used in the analysis, so the total number of carbon stars
used is 96. Ellipses which reproduce the location and extent of the gas disk and
outermost RGB isodensity profile of NGC 6822 are also plotted on Figure 2.2.

Figure 2.3 shows the spectra of a typical C-type AGB, object #31, for both
observing nights. The upper panel shows the spectra measured by the red camera
and shows the waveband containing the Ca II triplet shaded in grey. It is evident
that the spectrum of 31 August has a higher photon count in the continuum than
that of 30 August and this results in a correspondingly higher signal to noise ratio,
SNR. This is generally the case for all spectra and led me to place more weight on
the results for the night of 31 August. The lower panel expands the spectra over the
Ca 1II triplet waveband indicating its absorption features at 8498.02 A, 8542.09 A
and 8662.14 A (rest).

Although the velocity resolution of the grating was rather low, ~ 56 km s~!
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Figure 2.2.: Carbon star target locations
The locations of 323 NGC 6822 objects targeted by Sibbons et al. [2015], shown over
1.8° of the sky. The black points and red point show 99 objects classified by Sibbons
et al. [2015] as C-type AGBs. The red point marks object #31, which is discussed
in the text. The 3 outermost C-type AGBs lie more than 4 kpc from the galactic
centre and were not used in the analysis. The open circles mark the remaining objects
which are given other classifications. The dotted ellipses approximate the location and
extent of the gas disk and outermost stellar isodensity profile shown in Figure 2.1.
The concentric appearance of the outer objects is due to the layout of the fibres on
the spectrograph field plate.
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Figure 2.3.: Typical carbon star spectrum

Upper panel: Full red spectrum from AAOmega grating 385R for object # 31 on 30
and 31 August 2011. Object #31 is spectrally classified as a C-type star in Sibbons
et al. [2015] and has CN absorption bands at 5730, 6206, 6332, 6478, 6631, 6925, 7088,
7259, 7437, 7876, 8026 A which are characteristic of this type of star. The large ab-
sorption feature at 7594 A is due to telluric Oy. The grey band indicates the waveband
8440A to 8710A containing the Ca II triplet features.

Lower panel: The same spectra expanded over the waveband 8440A to 8710A contain-
ing the Ca II triplet features used for radial velocity measurement. The centres of the
Ca II triplet absorption lines are indicated by the vertical dashed lines at 8498.02 A,
8542.09 A, 8662.14 A.
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pixel~! in the Ca II triplet waveband of interest, there were enough stars present in
the sample to reduce the standard error in the mean velocity to an acceptably low

value.

2.3. Radial Velocity Measurements

To measure relative velocities, I used the cross-correlation technique of Tonry and
Davis [1979], as implemented in the IRAF® routine frcor, star by star. For specific
tasks, I also used other modules in IRAF as outlined in Appendix C.

2.3.1. Choice of spectral feature to cross correlate

In the measured spectra, absorption lines were examined to assess the best candidate

for cross-correlation. The spectra exhibited features such as:

CN bands: these are characteristic of C-type objects with carbon rich atmospheres.
Since molecular bands are much broader than atomic lines and are relatively
featureless at the coarse resolution of the spectra, the velocity uncertainties

are large.

TiO bands: these are characteristic of M-type objects with oxygen rich atmo-

spheres. These present the same limitations as the CN bands.

Ca II triplet lines at 8498.02 A, 8542.09 A and 8662.14 A: these occur in both C-
and M- type AGBs, and the flux in the continuum of the cool AGB stars is
close to its peak. The atomic lines are quite strong and narrow in many of the

spectra.

The Na doublet (5895.92 A and 5889.95 A): these are common to many spectra

but are contaminated by terrestrial sodium.

Ha absorption lines (6562.8 A) are weak or absent in cool AGB stars. They were

observed in a few cases [Sibbons et al., 2015], sometimes in emission.

Preliminary tests showed that the Ca II triplet absorption features gave the lowest
velocity uncertainties, so it was chosen for use in the study. To ensure that the

velocity was correctly calculated by frcor throughout the study, all spectra were

SIRAF is distributed by the National Optical Astronomy Observatory, which is operated by the
Association of Universities for Research in Astronomy (AURA) under a cooperative agreement
with the National Science Foundation.
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truncated to include only wavelengths inside the band (8440 A to 8710 A) which
includes the Ca II triplet features.

2.3.2. Preparation of the template spectrum

The cross-correlation function in frcor works best when the object and template
spectra are well matched: ideally both of the same stellar type and both from the
same stellar sample so that observing and instrumentation systematics are the same
for both. Initially, the object on fibre #31 of the sample was chosen as a template
for cross-correlation, as it is classified as a C type (carbon) star [Sibbons et al., 2012,
2015], has the best SNR for its type and has reasonably strong spectral features in
the I—band. The object lies in the inner region of NGC 6822 and is shown by
the red point in Figure 2.2. Although it is the brightest object in the sample, its
spectra is still rather noisy in appearance, see Figure 2.3, and initial attempts to
measure velocities using it as a template were limited by the noise in its spectrum.
A decision was made to construct a composite spectrum to be used as the cross-
correlation template, by co-adding the spectra of inner C-type targets.

The full list of 96 inner C-type targets, used to create the composite template, is
shown in Table 2.2. Firstly, the bandwidth of the spectra was restricted to 8450 A
to 8700 A to reduce spectral noise intruding from outside this waveband. Then, the
relative velocity of each object was measured using frcor with reference to object
#31, for both observing nights. Each spectrum was corrected for this velocity using
dopcor in IRAF. The corrected spectra were then co-added using IRAF’s scombine
routine to create a composite spectrum for each night. In a few cases, frcor was not
able to provide a valid result (see §2.3.4), so from the original 96 spectra, 90 went to
make up the composite spectrum for the night of 30 August, and 93 for 31 August.

The composite spectrum for each night was then shifted to the rest frame by cross
correlating, using frcor, with a rest-frame spectrum of Arcturus” [Hinkle et al., 2000]®
similarly truncated to 8440 A to 8710 A as shown in Figure 2.4, and using dopcor-
The Arcturus spectrum has higher SNR and higher resolution than the NGC 6822
sample. It exhibits well defined Ca II triplet absorption lines with typical Voigt
profiles. Four iterations of correction were required to reduce the nightly templates
to the rest frame with velocity residuals < 0.032 km s™' (30 August 2011) and
< 0.001 km s7! (31 August 2011).

TArcturus actually has a heliocentric radial velocity of —5.19 & 0.04 km s~ (SIMBAD), but the
NOAO spectrum used is shifted to zero, which was confirmed using splot
SNOAO/AURA/NSF
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Table 2.2.: List of inner field carbon stars

Class Number Fibre Number

of targets

C 61 4,6, 11, 12, 18, 23, 28, 31, 32, 38, 43, 48, 54, 68, 70, 76, 80, 85, 88
91, 94, 95, 98, 104, 112, 119, 122, 124, 136, 174, 191, 193, 198, 207
208, 210, 214, 220, 221, 226, 228, 229, 230, 235, 246, 257, 260, 262
267, 274, 287, 290, 292, 295, 305, 323, 326, 330, 334, 338, 398

C: 13 2,3, 7,10, 19, 20, 24, 53, 125, 204, 268, 322, 328

Ce 13 22, 25, 65, 71, 75, 86, 90, 96, 113, 201, 206, 211, 269

Ce: 9 1, 21, 45, 252, 266, 275, 298, 313, 314

Objects classified by [Sibbons et al., 2015] as carbon stars.

C  C-type stars with carbon-rich atmospheres (carbon stars).

C:  tentative C-type stars with carbon-rich atmospheres (carbon stars).

Ce  C-type stars exhibiting Ha and sometimes [S II] and [N II] emission.

Ce: tentative C-type stars exhibiting Ha and sometimes [S II] and [N II] emission.

The nightly composite spectra were then further combined into a single composite
spectrum, and readjusted to the rest frame again using the Arcturus spectrum, in the
same way. Two iterations of correction were required to reduce the final composite

1

template to the rest frame with velocity residuals of 0.015 km s™. The single

composite spectrum is shown as the blue curve in Figure 2.5.

Comparison with Figure 2.3 shows smoother Ca II triplet features, due to noise
cancellation by the combining process, an important consideration as the spectra
had originally been taken with a relatively short exposure time. The undulations in
the spectrum are due to the Ca II triplet and to CN absorption lines and provide a
better match to the C-type object spectra.

While the inner region of the spectral sample is dominated by C-type stars, the
outer region is dominated by M-type stars. Initially, the radial velocities of both
the inner and outer region stars were found using the C-type composite template.
However, as it is not matched to the spectra in the outer region, a second composite
template was created, based on the outer region M-type stars, in a similar manner
as for the C-type composite, using the object #36 in the first stage. This is an
outer region object and classified in Sibbons et al. [2015] as a dM star. The M-star
spectrum is shown as the cyan line in Figure 2.5. The M-type composite shows only
three strong absorption lines, due to the Ca II triplet.

The C-type composite was used to measure the radial velocities of all objects in
the sample, and the M-type composite was used to re-measure the radial velocities

of the outer objects only.
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2.3.3. Cross-correlation function

The cross-correlation function is obtained from the inverse Fourier transform of the
product of the Fourier transform of each spectrum. A Gaussian profile is fit to it,
and the radial velocity is computed from the location of the peak of the Gaussian,
multiplied by the velocity dispersion. If the template spectrum is in the ‘rest frame’
(i.e. the position of the Ca II triplet as measured in a laboratory) then the offset
measured will determine the radial velocity of the object relative to the Earth. To
obtain the heliocentric velocity, Vieio, @ heliocentric correction is required to take
account of the Earth’s orbital motion about the Sun. The corrections adopted? were

obtained using the rvcorrect module in IRAF.

The number of points over which the Gaussian profile is fitted can be selected.
After experimentation, it was found that a 9 pixel Gaussian fit (= 13.5 A or 717
km s7!) provided a reasonable correspondence to the shape of the peak of the
cross-correlation function without severely limiting the number of successful cross-

correlations.

In general, the better the S/N, the better defined is the cross-correlation peak,
the smaller the error and the greater the confidence in the velocity measured. The
velocity resolution, and thus the error in radial velocity, Ve, is proportional to the
inverse of the resolving power, R~!, of the spectroscope, and better radial velocity
precision is obtained from more highly resolved spectra. frcor reports the velocity
error'®, the height of the cross-correlation function, and T DR which effectively
measures the SNR of the cross-correlation function. These data can be used to

assess how reliable the results are, as we shall see later.

Figure 2.6 shows the cross-correlation function of the carbon star composite tem-
plate with the spectrum for the object #31 and is used to illustrate a number of
points. The cross-correlation function exhibits a clean central peak, with well de-
fined side bands well below the peak. Such a shape will give reliable radial velocity
measurements, and was found to be attainable if the SNR ~ 10 — 20. As SNR re-
duces, the cross-correlation peak becomes less well defined and the side bands grow
in significance. In the worst cases, the side band levels can become higher than the
central peak, and frcor will not be able to fit reliably the Gaussian to the correct
peak. In this case invalid results are produced. Means to eliminate these cases are
discussed in §2.3.4.

9_19.5 km s~ (30 August 2011) and —19.8 km s~ (31 August 2011)
Ocomputed from the FWHM of the Gaussian fit to the cross-correlation function
"Tonry and Davis r function [Tonry and Davis, 1979]
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Figure 2.6.: Cross-correlation function of fibre number # 31 for 31 August and the C-type com-
posite template a Gaussian fit of 9 points.

2.3.4. Selection criteria

The quality of the spectra is important. As well as low spectral resolution, many of
the spectra had low SNR (< 10 /pixel), causing noisy cross-correlation functions.
These sometimes returned unreliable results or failed to give a result at all. To
overcome these difficulties, selection criteria were adopted to rule out any spectra
which might give rise to unreliable results. The criteria were based on the strength
of the cross-correlation function, hght and a determination of the acceptable range

of radial velocities returned.

It was found, by inspection, that cross-correlation functions with hght > 0.4 give
a reliable peak with low sidebands, but those with hght < 0.2 do not. In these
cases, the peaks are weak with respect to the sidebands and in some cases, multiple
peaks occur. Between these limits, the quality of the cross-correlations degrades
but useful results can be achieved in many cases. After visual inspection of each

cross-correlation function, I excluded all cross-correlation functions where hght< 0.2.

I then examined the frcor velocity returns. In a number of cases, unrealistically
high values of Vj,qj, were observed. These can come about by selection of the ‘wrong’
peak by frcor in noisy or multi-peak cross-correlation functions. Values of Vj ;o as
large as 41554 km s™!, £4184 km s~! or #5734 km s™! arise, which are regarded

as unrealistic, and such values tend to be associated with hght values close to 0.2.
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Figure 2.7.: Selection criteria - velocity histograms
Histograms showing the number distribution of heliocentric radial velocities returned
from fxcor, using the composite template. The upper panels show the histograms over
the velocity range —6000 km s™! < V,. < +6000 km s~! for each night of observation.
The lower panels expand these histograms over a velocity interval of —600 km s~!
<V, < 4600 km s~! for each night. Bin sizes are shown on each panel. The histograms
show that the dominant number density lies within —200 km s~ < V;. < 4200 km s~ !.

Analysis of the frequency distribution of velocity returns from frcor showed that
most returns fall within £200 km s~!. Figure 2.7 shows histograms of the number
distribution of Vi, over all the frcor returns, and a clear narrow peak lying between
+200 km s~! can be seen. The standard deviations about the peaks for 30 August
and 31 August are 0 = 66.19 km s™! and ¢ = 55.56 km s~! respectively. Noting
that on each night, some of the cross-correlation functions were returned with the
reference ‘INDEF’, the number of returns falling within the +200 km s~! range is
237 out of 320 on 30 August, (74% of the total population), and 253 out of 321 on 31
August, (79% of the total population). While there are clearly some returns lying
outside the range, the histograms cut off quite sharply at that point and it would
be necessary to extend the range by a considerable amount to add further numbers
to the sample. I conclude therefore that values of Vi, falling outside this range are

more likely to be affected by bad correlation functions due to noise and are rejected.
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2.4. Results and Analysis

2.4.1. Cross-correlation results with the C-type template

All 323 objects were cross-correlated with the C-type composite template. Appli-
cation of the criteria discussed in §2.3.4 resulted in 128 successful cross-correlations
in the inner region and 107 in the outer region on 30 August, and 129 in the inner
region and 124 in the outer region on 31 August. From the population of 96 C-type
AGBs in the inner region, 89 gave acceptable results on 30 August and 92 on 31
August.

Table 2.3 summarises the results. Column [3] shows the mean heliocentric radial
velocities (Vi) of the samples. For the inner region, this can be considered a good
approximation to the heliocentric radial velocity of NGC 6822. The mean individual
error in column [4] is large and reflects the low resolution and low SNR of the spectra.
0 (Vhelio) in Column [5] is the velocity dispersion, which is also high, nevertheless,
1 implying

that, provided the individual errors are random, the mean and median (column

the standard error of the mean (SE) in column [6] is small, 3 — 8 km s~

[7]) heliocentric radial velocities are well constrained. The mean velocities show
reasonable consistency from night to night, with differences similar to the standard
error in the mean, SE. The inner region differs by more than 24 km s~! from the
outer region'?, supporting the suggestion that these objects in the outer region are
not part of NGC 6822 [Sibbons et al., 2015].

The aggregated results of the cross-correlation of the spectra of objects in the
outer region using the M-type template are also presented in Table 2.3. Both the
formal errors, (Vi ), and the spread of results, (Vielo), are reduced by switching to
the M-type template in the outer region. The improvement observed in outer region
errors when an M-star template is used appears to confirm the conclusion that the
outer stars are predominantly M-type, dM-type, dK-type and other unclassified
foreground stars of the Milky Way.

The full results of the radial velocity measurements and their individual errors over
both nights are shown in Appendix B, with explanations of the column contents.
Spectra which failed to meet the acceptance criteria are not included.

Figure 2.8 plots Vi 0f all objects which meet the acceptance criteria, by distance
D from the galactic centre, for both nights. It shows a number of differences between

the inner and outer populations. The inner objects tend to clump more closely

12This supercedes the preliminary data stated in Sibbons et al. [2015] and is the result of more
detailed work.
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Table 2.3.: Summary of Results for spectra with hght > 0.2 and |Vielio| < 200 km s~

Template Object No. of (Vhelio) (Verr) 0 (Vhelio) SE Median Vielio
Composite Template Objects [km s™!] [kms™!] [kms™!] [km s} [km s71]
[ 2] 8] [4] [5] [6] [7]
30August2011

Inner region (C-template) 128 —45 +42 45 +4 —43
Outer region (C-template) 107 —20 +63 81 £8 —19
Outer region (M-template) 100 —28 +54 60 +6 —22
31August2011

Inner region (C-template) 129 —51 +32 29 +3 —51
Outer region (C-template) 124 —17 +60 66 +6 -9
Outer region (M-template) 133 —18 +49 58 +5 —19

around the median value for the inner region and they are therefore likely to be part
of the same dynamical system, while the outer objects are much more widely spread
about a different median value, indicating a separate population. This suggests that
the inner population is associated with NGC 6822, supporting similar conclusions
in Sibbons et al. [2012, 2015], while the outer population is not.

Thus, I conclude that the heliocentric radial velocity of NGC 6822, as based on
the sample of the inner C-type AGB population, lies in the median range of —43+4
to =514+ 3 km s7! (10). The data for 31 August are preferred, owing to their better
SNR, lower errors and greater number of successful cross-correlations than the data
for 30 August, and provides Vigio= —5143 km s (10). This compares favourably

with published values described earlier.

2.4.2. Velocity error, hght and SNR

Figure 2.9 shows a set of correlation diagnostics comparing Ve, hght and SNR for
objects in the inner region. The following trends can be seen.

The upper panel of Figure 2.9 show the degree of correlation between V., and
hght. The cut-off at hght= 0.2 is shown as a dotted line. Auto-correlating the
composite template, hght= 1 and V,, = 0 as expected. In the upper panel, dashed
lines are drawn as a guide to the eye through this point and show how V., is inversely
proportional to hght with reduced scatter as hght increases. The scatter for the 31
August is slightly lower than for the 30 August.

The middle panel of Figure 2.9 show the degree of correlation between hght and
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black points.
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Figure 2.9.: Correlation diagnostics for objects in the inner region plotted for both nights.
Upper panel: Vg, and correlation strength (hght). Middle panel: correlation strength
(hght) and SNR. Lower panel: Vi, and signal to noise ratio (SNR). Each circle corre-
sponds to the cross-correlation outcome for one object spectrum against the composite
C-type template. The dot-dashed lines show the cut-off imposed at hght = 0.2. See
§2.4.2 for a description of the dashed lines and curves.
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SNR. Again the cut-off at hght= 0.2 is shown as a dotted line. The template SNR
is 15 and a dashed line is plotted from the origin to (SNR=15, hght=1). The hght
is slightly better for a given SNR on the night of 31 August, more points lie above
the line, than on the 30 August.

The lower panel of Figure 2.9 show the resulting relationship between V., vs SNR.
The blue dashed curves represent Vg, o< 1/SNR with a constant of proportionality,
estimated by eye, of 200. The inverse form of the curve can be inferred from Tonry
and Davis [1979] (their equation 24), which is the basis of the velocity error function
in frcor. The denominator of this equation contains the quantity » (TDR in IRAF),
where r = hght/ V20,. 0, is the rms of a distorting function applied to the cross-
correlation function and can be considered to represent noise in the cross-correlation
function. For well matched object and template spectra, and a wavelength interval
containing good spectral lines, such as are set up in this study, we might expect
a relationship between the SNR of the cross-correlation function and, indirectly,
the SNR of the spectra, leading to an inverse relation between V., and SNR. V.,
appears to be slightly better constrained on 31 August than on 30 August, as can
be inferred by the greater number of points lying below the curve for that night.

Some of the spread in the correlations will be due to the mismatch between the
spectral features of the composite template and the individual targets. Even with
exquisite SNR, a mismatch in spectral type will result in a decreased hght, and

increased V., compared to a star which matches the spectral type of the template.

2.4.3. Rotation of the carbon star population

In the inner region, the Vi, of each C-type object was compared to the sample
mean, (Vielio), which I take to be the mean motion of the galaxy. This provides
a measure of the motion of each object in the rest frame of the galactic centre of
NGC 6822. Figure 2.10 plots the locations of the inner C-stars, colour coded by
the value of its residual velocity, Vielio — (Vhelio), using a colour range from red (for
positive values) to blue (for negative values). The colour range is consistent with
red and blue shift and indicates whether an object is receding or approaching in
the rest frame of NGC 6822. In the lower panel for 31 August, it can be seen that
receding objects dominate the south east sector and approaching objects the north
west sector, suggesting rotation of the C-star population about an axis, oriented
approximately NE-SW. In the upper panel, for the night of 30 August, the pattern
is less obvious but still apparent.

To examine this further, an axis of rotation was hypothesised lying in the plane
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Figure 2.10.: Carbon star sample rotation
Residual velocity, Vielio — (Vhelio), Plots of the carbon star sample in the inner region
of NGC6822. The long axis represents a derived axis of rotation and passes through
the galactic centre at the intersection with the short axis.
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of the sky and passing through a pivot point at the centre of the galaxy. The axis
was rotated through 360 steps of 1°, starting at a position angle (PA) of 0°. At
each step, the mean of the residual velocities of the stars on either side of the axis
was computed. The subsample of stars falling on one side of the line is termed the
‘North Bin’, and for an axis with PA= 90°, this is defined naturally. The subsample
falling on the other side of the line is termed the ‘South Bin’. Membership of
each bin changes as the axis of rotation sweeps around and the value of its mean
velocity residual also changes. By plotting the mean velocity residuals over 360°,
a clear rotational signature is observed, see Figure 2.11. The cyan curves plot the
mean rotational velocity of the ‘North Bin’ and the dark blue curves plot the mean
rotational velocity of the ‘South Bin’. In both bins and on both nights the curves
rise and fall in opposition as the putative axis is rotated, confirming my impression
of a rotating population. Furthermore, the curves for the 30 August and 31 August
both suggest a similar sense of speed and rotation, even though the curves for 30
August are noisier.

The green curve in each case shows the sum of the average ‘North’ and ‘South’
velocities, which is generally offset from zero as the number of stars in the ‘North’
and ‘South’ bins is not always equal at each step. Over the full 360°, the offset
should average to zero if the centre of the stellar sample and the pivot point of
the hypothesised axis of rotation (the galaxy centre) are coincident. In this case,
the green curve appears to lie mainly above the zero line, which suggests that the
pivot point adopted does not coincide perfectly with the rotational centre of the
sample. Changing the co-ordinates of the galactic centre in my analysis to the
centre of the sample eliminates the offset, but has no significant effect on the rotation
characteristics.

Using a least squares method, a sinusoid of the form § = Vi sin(6 — 6y) + yo
was fitted to the measured residual velocities, y, for each bin, such that (§ — y)? is
minimised. The peak amplitude gives the mean rotational velocity, Vo, € tracks the
PA of the hypothesised axis and is stepped in 1° intervals, and 6y is the value of
when ¢ —yo = 0. 1, is the offset. Solving for yg, 8y and Vo, 3 is plotted as magenta
and blue curves in the lower panels of Figures 2.10 for the ‘North” and ‘South’ bins
respectively. The rotation axis PA occurs at the peak of the sinusoid, so its PA is
given by the value of § when ¢ is a maximum. This occurs at 6y £ 90°.

Table 2.4 provides a summary of the results obtained, with V., in column [2].
In column [3], I calculate the error in the velocity amplitude, AV,y, from the RMS
of the residual velocities found by deducting the sine function from each measured
value over 360°, using the best fit PA. In columns [4] and [5], I show the PA of the
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Figure 2.11.: Rotational signature of carbon star component in NGC 6822 derived by plotting the
mean residual velocities, (Vielio — (Vhelio)), On either side of the putative rotation axis

as a function of its position angle.
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Table 2.4.: Summary of sinusoidal least squares fit to mean residual velocities.

Date Rotation rate Rotation axis  Offset
V}ot A‘/rot PA APA Yo

km st kms! © © km s~ !
[1] [2] [3] [4] [5] [6]
30 Aug 2011 9.2 +2.3 1° 21° 0.4
31 Aug 2011 11.3 +2.1 25° 14° 0.4

galactic rotation axis and an estimate of its positional error found by taking the
RMS, over 360°, of § — 6’ where ' is the angle which gives the value of §(#) in the
sine function using the best fit PA. Column [6] shows the mean offset of the sinusoid
due to the axis pivot point and the galactic centre not being coincident. Details of
the error analysis calculations are given in Appendices A.2 and A.3.

The sense of rotation on both nights is the same and is such that the south eastern
side is receding and the north western side is approaching, which corresponds with
the rotation of HI gas in Weldrake et al. [2003]. Moreover the rotation velocities
and estimated PA for each night correspond within the estimated errors which gives
me good confidence in the result. Nevertheless, owing to the better quality spectra
for 31 August, better SNR and better error results, I take the results for 31 August,
ie Viot = 11.3 4+ 2.1 km s~ and PA = 25 + 14° as the more reliable.

2.5. Discussion and Conclusion

The heliocentric radial velocity obtained for the intermediate age, carbon star com-
ponent of NGC 6822 is —51 4= 3 km s™!, based on the results from the better of the
two nights of observing. This is a little lower than its HI counterpart (—57+2 km s™!
[Koribalski et al., 2004]) but shows only 1.6¢ difference, which is not significant. The
grouping of objects in the inner and outer regions of the observed field indicates that
the inner objects belong to NGC 6822, while the outer objects are more likely to be
Milky Way stars, in support of the conclusion in Sibbons et al. [2015].

Rotation of the carbon star population about an axis having PA = 25 4+ 14° has
been shown with a rotation speed Vo = 11.3 £+ 2.1 km s~ !, based on the better of
the two observing nights. The sense of rotation is that the SE corner is receding
and the NW corner is approaching, which is similar to the rotation of the HI disk
[Weldrake et al., 2003]. Furthermore, I infer from Weldrake et al. [2003], that the
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PA of the rotation axis of the HI disk is ~ 20° to ~ 40° in the plane of the sky,
assuming the rotation axis is perpendicular to the major axis of the gas disk. This
is comparable to my estimate of the sky projected rotation axis of the C-type stellar
population in this study. Thus, I find that both axes are approximately coincident
and the sense of rotation of the stars and gas is the same, leading me to conclude
that NGC 6822 is not a PRG.

Nevertheless, I note that the PA of the major axes of the isodensity contours of
the RGB stars in Demers et al. [2006] varies from 80° for the innermost contour
(radius= 10’) to 65° for the outermost contour (radius= 35’). The envelope of my
inner sample of carbon stars has an angular radius of ~ 17/, and so falls between
these extremes. Hence, there is a misalignment of ~ 45° between my rotation axis
and the respective isodensity profile.

Furthermore, since V. is derived from mean velocities, it is reasonable to adopt
the mean distance of the carbon star sample from the galaxy centre as a basis for
further comparative discussion. This distance is (D) = 1.1 kpc. Interpreting the
velocity diagrams of Weldrake et al. [2003], the rotation speed of the HI disk can
be estimated to be ~ 30 km s at 1.1 kpc (& 8 arcmin) from the galactic centre.
This rotation speed is faster than my carbon star sample confirming differences in
the rotation speeds of the rotationally supported gas and the pressure supported

intermediate age stellar populations.
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3. Potential for future work

3.1. Further Spectroscopy

The sample of inner objects (< 4 kpc) from the centre of NGC 6822 observed
spectroscopically up to now is a total of 135, of which 96 had been classified by
Sibbons et al. [2015] as C-type AGBs (carbon stars). These stars were observed
using a grating suited primarily for spectral classification and for a period of only
25 minutes, which was adequate for this purpose. However the SNR and spectral
resolution were not ideal for radial velocity measurements.

There is no doubt that better SNR and higher resolution would improve the results
of the existing sample and provide more convincing evidence of the stellar rotation
in NGC 6822 in the existing sample. However adding to the C-type AGBs in the
inner region by filling the gap between the central sample presented here and the
4 kpc radial extent inferred by Sibbons et al. [2012], would provide a much greater
number of targets spread over a larger spatial distribution than measured so far.
This would enable finer resolution of the kinematics within the isophotes, so as to
examine radial velocities, and a reduced standard error in the mean. Hence it is
proposed to observe the spectra of ~ 320 C-type stars lying in the elliptical region
in Figure 2.2, using the AAOmega spectroscope on the Anglo-Australian Telescope
(AAT) in service mode, with a grating suited to radial velocity measurement and a

longer exposure time. The science benefits in the proposed measurements are:

e to confirm the rotational signature with better spectra (higher SNR and greater

resolving power).

e to extend the measurements further out, with a greater number of points
specifically chosen for this purpose, to see whether the speed of rotation and
the axis of rotation changes with distance, since the PA of the isophotes in the

right hand panel of Figure 2.1 is observed to change with radial distance.

e to explore further the apparent misalignment of the rotation axis and the

isophotes.
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e to explore how many of the C-type stellar candidates identified photometrically
by Sibbons et al. [2012] beyond 4 kpc are genuine members of NGC 6822.

The AAOmega service programme permits nightly exposures of up to 6 hours in
total in one shift, and booking can be done at any time, subject to AAO acceptance
of the observing proposal. Ideally, observations should be scheduled for 2 nights to
reduce the risk of loss of data owing to problems with the measurements. Exposures,
see Figure 3.1, will be split into 3 data frames to minimise read out or cosmic ray
problems. This reduces the SNR by a small amount but protects the measurements
from instrument problems. ‘Seeing’ should be logged and reported on both nights.

It is proposed that all 96 inner C-type AGBs classified by Sibbons et al. [2015],
and already studied in §2 plus 3 which lie outside 4 kpc ! are targetted. Table 3.2
lists these objects and provides basic data for each including position and magnitude
in the I—band. Up to 265 new targets of C-type AGBs will be selected from the
target lists of Sibbons et al. [2012] within the stellar isophote shown in Figure 2.2 to
enlarge the carbon star sample inside the isophote. Other stellar types and clusters
will be excluded. The final number of targets will depend on the availability of fibres
within AAOmega, restrictions placed on the AAOmega 2dF field plate layout by the
fibre positioning software and the number of guide stars and sky fibres used. It is
proposed to re-use guide stars and sky fibres from the previous study, and which are
listed in Table 3.3. Further sky fibres adjacent to the new C-type targets are likely
to be required, but sky fibres in the outer region can be re-used. Thus, while the
maximum number of targets could be 364, the total is more likely to be ~ 320.

It is also proposed to use the AAOmega high resolution grating (1700D) which
was specifically designed for use with the Ca II triplet and is therefore ideally
suited to these new measurements. Centred on 8600 A, it has a resolving power,
R (= A/AX) = 10, 338 [reference: AAOmega grating calculator]. Thus at the central
wavelength, the velocity resolution? is 29.02 km s~' A~! = 24.14 km s~ pixel .3

AAOmega provides an on-line SNR calculator to determine the exposure times
and resulting SNR. Exposure times have been reviewed using this tool. The faintest
C-type star in the original sample has a m,p, = 20.1 (#262) and the brightest M.,y
= 17.8 (#31), see Table 3.2. The mean magnitude of the stars in the sample is mapp
= 19.2. Allowing for readouts, the maximum exposure time is 348 minutes, and
using this value, I have computed, using the AAOmega Multi-Object Spectrograph
S/N Calculator, the SNR achieved for the faintest and brightest stars in my sample,

14137 (5.32 kpe), #148 (5.06 kpc), #366 (5.06 kpc)
2velocity resolution Av =c¢ R™!
3central resolution 0.832 A pixel~! [reference: AAOmega grating calculator]
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Table 3.1.: Further observations: exposure time and SNR for NGC 6822 carbon star
objects using AAOmega (3 Data Frame strategy), Grating 1700D, red camera,

I—band.
I—- Exposure  Total SNR/A SNR /pixel

(mag) mins h:m dark sky grey sky  bright moon | dark sky grey sky  bright moon
Faintest 20.1 348 6h0m 7.38 7.09 4.66 3.64 3.50 2.30
Mean 19.2 348 6h0m 16.13 15.55 10.47 7.96 7.68 5.17
Brightest 17.8 348 6h0m 49.21 47.95 35.08 24.30 23.67 17.32
Limiting mag. (SNR/A > 8) 19.75 19.70 19.25
(No. of brighter objects) (88/96) (86/96) (54/96)
Saturating mag. 13.80 13.81 13.87

I—band magnitudes are taken from Table 3.2.

Magnitudes are given for the faintest star (ID 165760: fibre#262) in this sample, and the brightest (180514: fibre #31).
The mean magnitude of the sample = the median.

The limiting mag. is the faintest magnitude which provides SNR/A > 8 for the exposure time stated,

The saturating mag. is calculated based on a saturating camera photon count of 65,000 counts/readout/pixel (AAOmega).
All calculations are made using the AAOmega Multi-Object Spectrograph S/N Calculator.

and for the mean magnitude of the sample (the mean magnitude and the median
magnitude of the sample are equal so we can be sure that the distribution of mag-
nitudes is not biassed either way). The computations were calculated for dark sky,
grey sky and bright moon conditions and the results are shown in Table 3.1.

From my experience using grating 385R, an SNR/pixel > 10 is desirable to give
a good basis for cross-correlation. This is equivalent to SNR/ A > 8, derived using
the AAOmega exposure calculator for the 385R grating. I have aimed at obtaining
SNR/A > 8 using the 1700D grating with the sample. It is clear from Table 3.1 that
this cannot achieved for the faintest object, even using the maximum time available
for observation in one service shift. It can be achieved for many of the objects, using
all time available in a single service shift. The limiting magnitudes in the three sky
conditions in Table 3.1 are the faintest magnitudes required to achieve an SNR/A
> 8, and the number of objects in the current sample which meet this condition is
shown. It can be seen that dark sky and grey sky conditions give similar numbers
and are both acceptable conditions for the observations.

Table 3.1 also shows the magnitudes at which the CCD camera saturates. It is

clear that the saturation level is well above the magnitude of the stars in the sample.

Page 56



Carbon Star Rotation in NGC 6822

CHAPTER 3. POTENTIAL FOR FUTURE WORK

o8ed 1xou uO ponuIUO))

61 L9¥GGGC0-  GTLEVEIT'G L9¢ O 9868GT L'61 ¥9T1019¢°0-  S0SPCLIT'G 89 0] €L907¢
L'61 976C8GC’0-  08TI6E69T°G 99¢ e 00€002 961 €L9969¢°0-  €880€0LT'G <9 2D €410¢¢C
}segjurey 1'0¢ YPI19G9C°0-  8LEVLEIT'G c9¢ O 094991 6'8T 869¢09¢°0-  VI0SETLT'G 24 0] €796¢¢
G'61 0L208SC'0-  ¢CS06691°¢ 09¢ O 788961 6'8T 966ST9¢°0-  LOELOTLT G €9 O £€€987¢C
96T TCGELGT0-  9VEIT6IT G LG¢ O 8G8V8T 06T 68¢ELGEC0-  OFPP6LELT G 8V 0] 8VIV8T
761 6C86LG9C°0-  8ETLIOLT'G (4414 e €ETG6T ¥7'6e1 0€9€8GC°0-  8TT9S0LT'G 14 2D ¥av10T
6'8T YvvLLGT 0-  TI89TOLT'G igd O 8TET6T 061 878209C°0-  9886STLI'G 157 O 94863¢C
61 €L0L9GC°0-  VIV06L9T°G Gec O 8LEELT 06T 08¥7649C°0-  9LLESTLT'G 8¢ D 02¥81¢C
g'6T 60LL9GC°0-  L996V.L9T°G 0€¢T O 9CCV LT c61 C8VLLGT'0-  6CI6VILT'G ce 0] C8ET6T
L'8T ¢99294¢'0-  L0TE9S9T'G 144 O 8€9.L9T 15994811 8'LT GCOTLGC'0-  V8VELTLT'G T€ 0] ¥T1S08T
L'61 TG7069C°0-  TO90T69T'S 8C¢C O TGECTC 06T GECI8GC'0-  TVOCTILT'G 8¢ 0] Yov.L6T
9'61 IVPr9GC0-  GES0T8IT'G 9¢¢C O ¥000LT T'6T yGv884C0-  G9¢VTOLT'SG 14 2D 91¢60¢C
0’61 ¥991794¢°0-  €GT1P999T°¢ 1¢¢ O 6LCOLT et €VIP8GC0-  9T8LOCTLT'G ve ko) 90T€0C
€61 TTTL8GC°0-  ¥LT0069T'S 0¢e O 96002 0’61 G8CS69C°0-  LGCIETLT'G €¢ 0] 86961¢C
g'61 898064¢'0-  G6LCELIT'G V1ic O 0L621¢C 0’61 9TTEBGC'0-  968G60LT°G (44 e €L500¢C
€61 06€98GC°0-  O08ITS69T'G 11¢ e G98¢0¢C 661 VPI169C°0-  ¢888E0LT'G 1¢ 2D 6LEETTC
1T'61 €8€E8GC'0-  €TOSVLIT'G 01¢ O €v0102 g6l €69869¢°0-  6SG00LELT'G 0¢ O L0¥VCe
g'61 99€LLGT0-  668C089T°¢ 80¢ O G6T161 0’61 LETEIYGC0-  EVPEEELT'S 61 0 78891
61 IPPE8EC'0-  6C696891°¢ 0T O 1€110C 961 €189LG¢°0-  ¢VLSTICLT'G 8T 0] €8¢061
c61 686GLG¢°0-  L8TLV8IT'G 90¢ 0] V.,688T 8'8T GGT069C'0-  C68GSTLI'G ¢l 0] 868T1¢C
€61 GCLB88GC' 0~  ¥8099.9T°¢ ¥0¢ D ¢9960¢ €61 909996¢°0-  T8T6YSLT G TT 0] 9G9CLT
061 09018GC°0-  V8IE8VIT'G 102 e 0LTL6T €81 8VGGLGT0-  888VIVLI'G (028 D 9VC88T
061 LETOLST0-  €9L0189T°¢ 861 O €688LT 6'8T CCL6LGT'0-  09CTETLT'G L D 676761
761 CV68LGC'0-  GESVIRIT'G €61 O VILEGT c61 LVLT8GT0-  999TLTLT'G 9 o) 77,6661
G'8T ¥992LGC0-  VL60LLIT'G 16T O T6€E8T 16T €9GL9GC°0-  V¥8COLTLT'G i 0] GEOVLT
61 GV9€T9C’0-  LO8YIS9T G VLT O 0T19SVC 6'8T LET6BGC0-  GBGGLELT'G € D 91€0TC
19910 L066€9C°0-  6£96CTIT°G 8V1 D 86€9.¢C Vet T97609C°0-  LOLLETLT'G 4 ko) 0€96€C
I99no €€T099C°0-  09¢8TTIT'S LET D 96666C €61 0TO0769¢°0-  LVCLTOLT'G T 2D 9TLLTC
(Seu) (spex) (spex) (Seur) (spex) (spex)
s #eaqug s #eaqig
SpULIUIO)) T Helc(al vy D reuiSi)  :edA,  eweN | iSjULWIWIO)) T Helc(al vy eutdul  :edAy,  eureN
[v1] [eT] [z1] [11] [o1] [6] [s] (2] [9] (] [v] [€] [¢] [1]

"JUOIDINSLIUI-01 I0] YIom [RUISLIO wodf s39a[qo odA1-0) 'z ¢ 9[qR],

Page 57



CHAPTER 3. POTENTIAL FOR FUTURE WORK

Carbon Star Rotation in NGC 6822

g61 C60L6GC°0-  GG6S98LIT'G 9¢T D 897¢Te
061 ¥9¢489¢°0-  9TEVCELT'S 86€ 0] ¥r1v0e 881 9€€E69C0-  CIBLGLIT'G gcl D 88991¢
I93no G92099c’0-  TIV9E08T'¢ 99€ D 8T6¢ST €61 667609¢°0-  66SLL99T°¢ vel D L896€¢
1'61 8¢L69GC0-  P9998ILT'SG 8¢€ 9] 0TOP91 861 81¢864¢'0-  ¥89G889T'¢ 44! D 6€LETT
V6l €796959¢°0-  00L8V0LT"SG yee 9) 6E8LLT 161 9eVL8GC'0-  89TC8BEIT'SG 611 O 986L0¢
0°0¢ LE€T95T0-  86LCOTLT'G 0¢e 9) 0€2LIT 61 12928420~ 09808691°G €11 (O] ¥GL661
L81 GLTGLGC'0-  SIIVPOLL'SG 149 D 679L8T ¥61 €9L619C°0-  €8VGLLIT'G (481 O 6€0€5C
061 1vc69¢¢°0-  TV10€CLT'G 9ce 9] €989L1 ¥61 GCL88GC'0-  L86EV8IT'SG ¥01 ) 059602
061 8L8L9G¢°0-  GIVETCLI'G €ce 0) CLYVLY L'8T L1€009¢°0-  GT¥ve891°¢ 86 O €0992¢
981 96GGLG2°0-  6900€TLT G (449 0 £E€E88T €61 6€1889C°0-  9T69E691°G 96 2D V1,802
L61 66818G¢°0-  9T8LI0LT'G yie 2D G64861 861 G8ETT9C°0-  TIT8EGIT'S g6 o) €94¢¥e
161 I798LGC°0-  TEEVCILT'G €1€ 2D 0cce61 881 089669c°0-  991T0691°G V6 o) 8¥94¢C
881 GL8C9GC°0-  €960L0LT°G s0€e 0) 8E6LIT 61 06CLT9T°0-  89EE669T'G 16 o) €L109¢
06T TT96LG¢°0-  VIEEOTLT'SG 86¢ 2D LLLYVET g6l €8LC649C°0- 749800691 06 9D T98¢T¢C
881 1¢9096¢°0-  0TLSC0LT'SG G6¢ 0) L1991 €61 016669C°0-  T¥PS6L69T1°¢G 88 O L609¢¢
T'61 ¥G8€94C°0-  8IETSOLT'SG ¢6¢ 0) ¢02691 V6l 0¢1469C°0-  TPPOTILT'G 98 9D 16€61C
L'61 LL6LLGTO-  VPER6TLT'S 06¢ 0) LLTCT6T G'81 99088S4¢°0-  LTCE6LIT'S a8 D 02980¢
L'61 88¢0LGC0-  PEGLLEIT'G L8¢ 0) E€8T6LIT 061 LSP¥09C°0-  CIP800LT S 08 D €6LT1EC
61 LEVEIYGC'0-  6TLEBSIT'S GLe 0] 069891 0°0¢ 18¥809¢°0-  S98CLLIT'G 9L D 666LEC
061 ¥ree9ec0-  vSv0e691'S VLe 9) 928891 961 669L69C°0-  86VELOLT'G GL (O] 940€¢e
6°81 €L8¢84¢°0-  6ISVI6EIT'S 69¢ 2D ¢8100¢ 861 099109¢°0-  9€9G50LT"¢G 1L (O 90€8¢¢
¢'81 968€4SC°0-  C99TT8IT'G 898 D 8L0LST 661 LETS09C'0-  S6L07LIT'S 0L O G6€LEC
(Seu) (spex) (spex) (Seu) (spex) (spex)
L FIqig s Faqrg
ISJUSTIO)) 7 Holclel VH reutSuQ 2pdA],  owreN | sjuewrmo)) 7 Holc(el VH reuSuig  :odAy,  :oureN

*("ju0d) JUSWIOINSBIUI-OI 10] HIom [eulStio woly s309[qo adA)-D) :g'¢ 9[qr],

Page 58



CHAPTER 3. POTENTIAL FOR FUTURE WORK Carbon Star Rotation in NGC 6822

Table 3.3.: Guide stars and sky fibres

] 2] 3] ] 5] ]
Name: Type:  Original RA: DEC: Mag:
Fibre# :
() ) (mag)
twomassl3  Guide 50 5.17404311  -0.2659673 13.4
twomass675  Guide 100 5.16945725  -0.2747138 13.7
257782 Guide 150 5.16344314  -0.2623734 13.6
twomass39  Guide 200 5.15987903  -0.2580619 13.9
47405 Guide 300 5.17213488  -0.2456880 13.1
twomass790  Guide 400 5.18798392  -0.2581676 14.0
sky00032 Sky 5 5.17973361  -0.2600424
sky00029 Sky 16 5.17853588  -0.2629537
sky00024 Sky 40 5.18215598  -0.2646898
sky00023 Sky 55 5.17733451  -0.2647014
sky00012 Sky 60 5.17734032  -0.2676103
sky00022 Sky 64 5.17251303  -0.2652890
sky00003 Sky 67 5.17915910 -0.2716779
sky00008 Sky 72 5.17432527  -0.2687777
sky00030 Sky 87 5.16709015 -0.2617984
sky00002 Sky 92 5.17312099  -0.2716876
sky00011 Sky 93 5.17070516  -0.2676166
sky00016 Sky 97 5.16949798  -0.2664531
sky00015 Sky 110 5.16768938  -0.2664526
sky00001 Sky 118 5.16527065 -0.2716857
sky00013 Sky 120 5.16467287  -0.2670314
sky00007 Sky 146 5.15923544  -0.2705100
sky00018 Sky 162 5.15924853  -0.2658567
sky00028 Sky 170 5.16407728  -0.2629585
sky00031 Sky 175 5.16347950  -0.2600487
sky00027 Sky 177 5.15865512  -0.2629464
sky00037 Sky 215 5.15687634  -0.2547967
sky00038 Sky 217 5.16950016  -0.2536545
sky00051 Sky 241 5.15869512  -0.2495665
sky00052 Sky 243 5.15749666  -0.2489813
sky00044 Sky 251 5.16469541  -0.2519057
sky00045 Sky 253 5.16349477  -0.2513220
sky00046 Sky 299 5.16890020  -0.2507456
sky00054 Sky 333 5.17610405  -0.2489964
sky00041 Sky 344 5.17490850  -0.2530698
sky00047 Sky 365 5.18091098  -0.2507315

When to observe

NGC 6822 appears in the southern night sky from May through September, when
the nights are long. The AAT* requires target objects to be > 30° above the horizon
throughout observations. The rising and setting times of NGC 6822 at the AAT are
shown in Table 3.4, computed using the formulae set out in the following box, and
compared with the astronomical dusk and dawn obtained from the AAOmega/AAT
website. The last three columns of Table 3.4 show when observations can start and
finish and their total duration. To achieve an exposure of 348 minutes, NGC 6822
must be visible for more than 6 hours, which is possible from May 24 2016 until
carly September. Local time at AAO = universal time (UT) + 10 hrs.

Ylong. 149° 03’ 57.9” E, lat. —31° 16’ 37.34”
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First we calculate the angular distance (HA) from the meridian at the point of rising and setting
to the observers meridian, using equation (3.1):
sin ALT — sin DEC x sin LAT

HA = HA X o f ALT o .1
cos cos DEC x cos LAT = < 63.6037, for > 30 (3.1)

The local sidereal time (LST) of the object = Right Ascension (RA) when it transits the local
meridian of the observer (LONG (E)). It can be stated in time or degrees. The times of rising
and setting in sidereal time (expressed in degrees) are given by equation (3.2)

RA —HA = 232.930° :rising
LST =< RA = 296.233° : transit (3.2)
RA +HA = 359.836° : setting

Now we find the corresponding angular distances, (GHA), from the Greenwich meridian to the
rising, transit and setting meridians from equation (3.3).

GHA = LST — LONG (E) (3.3)

LONG (E) is the easterly longitude of the observatory from the Greenwich meridian. LST and
GHA are both sidereal and measured relative to first line of Aries, V. Both progress around the
clock with respect to solar time at the Greenwich meridian (UT) as the year progresses. We can
take account of this by using the Julian Date (JD), as in equation (3.4).

GST = GHA — JD(2000) x 0.985647 — 100.46
+ (Year — 2000 + 1) x 360

where JD(2000) = JD - 2451545.0 and is derived from JD by setting JD(2000) = 0 at 12:00:00
on 1lst January 2000.%. The factor 0.985647 converts JD(2000) to sidereal time and the term
—100.46° is the angular distance of the Greenwich meridian from Y at 12:00:00 01/01/2000.
The term +(Year — 2000 4 1) x 360 takes account of the number of full orbital revolutions which
have taken place since 12:00:00 01/01/2000 in order to reduce the result to an angle within 360°.

(3.4)

JD is calculated from equations (3.5) and (3.6) [Murray and Dermott, 1999] (their Appendix 3),
as appropriate.

For Months: March to December

JD = INT(365.25 x Year) + INT(30.6001 x (Month + 1)) + Day

3.5
+ INT(Year/400) — INT(Year/100) + 1720996.5 (3:5)

For Months: January and February
JD = INT(365.25 x (Year — 1)) + INT(30.6001 x (Month + 12+ 1)) 4+ Day (3.6)

+ INT(Year/400) — INT(Year/100) + 1720996.5

The term INT(Year/400) - INT(Year/100) takes accounts of the 10 ‘lost” days when the calendar
changed from 4 October to 15 October in 1582 (i.e. missing out 5-14 October), and the
introduction of the leap year system adopted since then.

UT (solar time) is calculated from the GST (sidereal time), using equation (3.7).

GST
UT |hrs:mins|] = 3.7
[hrsimins] = =0 oSs 607 /24 (3.7)
and finally:
Local Time = UT + 10 hrs (3.8)

®The Julian calendar is based on a reference epoch of 12.00 noon on 1 January 4713 BCE. The
number of days elapsed from this epoch to 12:00:00 01/01/2000 CE is 2451545.0, and the
number of days elapsed from this epoch to 00:00:00 01/01/0000 CE is 1720996.5
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Carbon Star Rotation in NGC 6822

Table 3.4.: NGC 6822 rising and setting times

Night Moon Dusk Dawn Rising  Transit  Setting Start Finish  Duration
2016 (h:m)
May 1 S 1/2 18:49  05:13 00:54 05:08 09:21 00:54  05:13 04:18
May 2 M 2/3 18:48  05:13 00:50 05:04 09:17 00:50  05:13 04:22
May 3 T 3/4 18:48  05:14 00:46 05:00 09:13 00:46  05:14 04:27
May 4 W 4/5 18:47  05:14 00:42 04:56 09:10 00:42  05:14 04:31
May 5 T 5/6 18:46  05:15 00:38 04:52 09:06 00:38  05:15 04:36
May 6 F 6/7 New 18:45  05:16 00:34 04:48 09:02 00:34  05:16 04:41
May 7 S 7/8 18:45  05:16 00:30 04:44 08:58 00:30  05:16 04:45
May 8 S 8/9 18:44  05:17 00:26 04:40 08:54 00:26  05:17 04:50
May 9 M 9/10 18:43  05:17 00:22 04:36 08:50 00:22  05:17 04:54
May 10 T 10/11 18:43  05:18 00:19 04:32 08:46 00:19  05:18 04:58
May 1 W 11/12 18:42  05:18 00:15 04:28 08:42 00:15  05:18 05:02
May 12 T 12/13 18:42  05:19 00:11 04:24 08:38 00:11  05:19 05:07
May 13 F 13/14 First Q 1841 05:19 00:07 04:20 08:34 00:07  05:19 05:11
May 14 S 14/15 18:41  05:20 00:03 04:17 08:30 00:03  05:20 05:16
May 15 S 15/16 18:40  05:20 23:59 04:13 08:26 23:59  05:20 05:20
May 16 M 16/17 18:40  05:21 23:55 04:09 08:22 23:55  05:21 05:25
May 17 T 17/18 18:39  05:22 23:51 04:05 08:18 23:51  05:22 05:30
May 18 W 18/19 18:39  05:22 23:47 04:01 08:15 23:47  05:22 05:34
May 19 T 19/20 18:38  05:23 23:43 03:57 08:11 23:43  05:23 05:39
May 20 F 20/21 18:38  05:23 23:39 03:53 08:07 23:39  05:23 05:43
May 21 S 21/22 Full 18:37  05:24 23:35 03:49 08:03 23:35  05:24 05:48
May 22 S 22/23 18:37  05:24 23:31 03:45 07:59 23:31  05:24 05:52
May 23 M 23/24 18:37  05:25 23:27 03:41 07:55 23:27  05:25 05:57
May 24 T 24/25 18:36  05:25 23:23 03:37 07:51 23:23  05:25 06:01
May 25 W 25/26 18:36  05:26 23:20 03:33 07:47 23:20  05:26 06:05
May 26 T 26/27 18:36  05:26 23:16 03:29 07:43 23:16  05:26 06:09
May 21 F 27/28 18:36  05:27 23:12 03:25 07:39 23:12  05:27 06:14
May 28 S 28/29 18:35  05:27 23:08 03:21 07:35 23:08  05:27 06:18
May 29 S 29/30 LastQ 18:35 05:28 23:04 03:18 07:31 23:04  05:28 06:23
May 30 M 30/31 18:35  05:28 23:00 03:14 07:27 23:00  05:28 06:27
May 31 T 31/1 18:35  05:28 22:56 03:10 07:23 22:56  05:28 06:31
June 1 W 1/2 18:35  05:29 22:52 03:06 07:19 22:52  05:29 06:36
June 2 T 2/3 18:34  05:29 22:48 03:02 07:16 22:48  05:29 06:40
June 3 F 3/4 18:34  05:30 22:44 02:58 07:12 22:44  05:30 06:45
June 4 S 4/5 18:34  05:30 22:40 02:54 07:08 22:40  05:30 06:49
June 5 S 5/6 New 18:34  05:31 22:36 02:50 07:04 22:36  05:31 06:54
June 6 M 6/7 18:34  05:31 22:32 02:46 07:00 22:32  05:31 06:58
June 7 T 7/8 18:34  05:31 22:28 02:42 06:56 22:28  05:31 07:02
June 8§ W 8/9 18:34  05:32 22:25 02:38 06:52 22:25  05:32 07:07
June 9 T 9/10 18:34  05:32 22:21 02:34 06:48 22:21  05:32 07:10
June 10 F 10/11 18:34  05:33 22:17 02:30 06:44 22:17  05:33 07:15
June 1 S 11/12 18:34  05:33 22:13 02:26 06:40 22:13  05:33 07:19
June 12 S 12/13 First Q 18:34  05:33 22:09 02:22 06:36 22:09  05:33 07:23
June 13 M 13/14 18:34  05:34 22:05 02:19 06:32 22:05  05:34 07:28
June 14 T 14/15 18:34  05:34 22:01 02:15 06:28 22:01  05:34 07:32
June 15 W 15/16 18:35  05:34 21:57 02:11 06:24 21:57  05:34 07:36
June 16 T 16/17 18:35  05:34 21:53 02:07 06:20 21:53  05:34 07:40
June 17 F 17/18 18:35  05:35 21:49 02:03 06:17 21:49  05:35 07:45
June 18 S 18/19 18:35  05:35 21:45 01:59 06:13 21:45  05:35 07:49
June 19 S 19/20 18:35  05:35 21:41 01:55 06:09 21:41  05:35 07:53
June 20 M 20/21 Full 18:35  05:35 21:37 01:51 06:05 21:37  05:35 07:57
June 21 T 21/22 18:36  05:36 21:33 01:47 06:01 21:33  05:36 08:02
June 22 W 22/23 18:36  05:36 21:29 01:43 05:57 21:29  05:36 08:06
June 23 T 23/24 18:36  05:36 21:26 01:39 05:53 21:26  05:36 08:09
June 24 F  24/25 18:36  05:36 21:22 01:35 05:49 21:22  05:36 08:13
June 25 S 25/26 18:37  05:36 21:18 01:31 05:45 21:18  05:36 08:17
June 26 S 26/27 18:37  05:36 21:14 01:27 05:41 21:14  05:36 08:21
June 27 M 27/28 18:37  05:37 21:10 01:24 05:37 21:10  05:37 08:26
June 28 T 28/29 LastQ 18:38  05:37 21:06 01:20 05:33 21:06  05:33 08:27
June 29 W 29/30 18:38  05:37 21:02 01:16 05:29 21:02  05:29 08:27
June 30 T 31/1 18:38  05:37 20:58 01:12 05:25 20:58  05:25 08:27

Continued on next page
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Table 3.4 (cont.) NGC 6822 rising and setting times

Night Moon Dusk Dawn Rising Transit Setting Start Finish Duration
2016 (h:m)
July 1 F 1/2 18:38  05:37 20:54 01:08 05:22 20:54  05:22 08:27
July 2 S 2/3 18:39  05:37 20:50 01:04 05:18 20:50  05:18 08:27
July 3 S 3/4 18:39  05:37 20:46 01:00 05:14 20:46  05:14 08:27
July 4 M 4/5 New 18:40  05:37 20:42 00:56 05:10 20:42  05:10 08:27
July 5 T 5/6 18:40  05:37 20:38 00:52 05:06 20:38  05:06 08:27
July 6 W 6/7 18:40  05:37 20:34 00:48 05:02 20:34  05:02 08:27
July 7 T 7/8 18:41  05:37 20:30 00:44 04:58 20:30  04:58 08:27
July 8 F 8/9 18:41  05:36 20:27 00:40 04:54 20:27  04:54 08:27
July 9 S 9/10 18:41  05:36 20:23 00:36 04:50 20:23  04:50 08:27
July 10 S 10/11 18:42  05:36 20:19 00:32 04:46 20:19  04:46 08:27
July 1 M 11/12 18:42  05:36 20:15 00:28 04:42 20:15  04:42 08:27
July 12 T 12/13 First Q 1843 05:36 20:11 00:25 04:38 20:11  04:38 08:27
July 13 W 13/14 18:43  05:36 20:07 00:21 04:34 20:07  04:34 08:27
July 14 T 14/15 18:44  05:35 20:03 00:17 04:30 20:03  04:30 08:27
July 15 F 15/16 18:44  05:35 19:59 00:13 04:26 19:59  04:26 08:27
July 16 S 16/17 18:45  05:35 19:55 00:09 04:23 19:55  04:23 08:27
July 17 S 17/18 18:45  05:34 19:51 00:05 04:19 19:51  04:19 08:27
July 18 M 18/19 18:45  05:34 19:47 00:01 04:15 19:47  04:15 08:27
July 19 T 19/20 18:46  05:34 19:43 23:57 04:11 19:43  04:11 08:27
July 20 W 20/21 Full 18:46  05:33 19:39 23:53 04:07 19:39  04:07 08:27
July 21 T 21/22 18:47  05:33 19:35 23:49 04:03 19:35  04:03 08:27
July 22 F 22/23 18:47  05:33 19:32 23:45 03:59 19:32  03:59 08:27
July 23 S 23/24 18:48  05:32 19:28 23:41 03:55 19:28  03:55 08:27
July 24 S 24/25 18:48  05:32 19:24 23:37 03:51 19:24  03:51 08:27
July 25 M 25/26 18:49  05:31 19:20 23:33 03:47 19:20  03:47 08:27
July 26 T 26/27 18:49  05:31 19:16 23:29 03:43 19:16  03:43 08:27
July 27 W 27/28 Last Q 1850  05:30 19:12 23:26 03:39 19:12 03:39 08:27
July 28 T  28/29 18:50  05:30 19:08 23:22 03:35 19:08  03:35 08:27
July 29 F 29/30 18:51  05:29 19:04 23:18 03:31 19:04  03:31 08:27
July 30 S 30/31 18:51  05:29 19:00 23:14 03:27 19:00  03:27 08:27
July 31 S 31/1 18:51  05:28 18:56 23:10 03:24 18:56  03:24 08:27
August 1 M 1/2 18:52  05:27 18:52 23:06 03:20 18:52  03:20 08:27
August 2 T 2/3 18:53  05:27 18:48 23:02 03:16 18:53  03:16 08:23
August 3 W 3/4 New 18:53  05:26 18:44 22:58 03:12 18:53  03:12 08:19
August 4 T 4/5 18:54  05:25 18:40 22:54 03:08 18:54  03:08 08:14
August 5 F 5/6 18:54  05:24 18:36 22:50 03:04 18:54  03:04 08:10
August 6 S 6/7 18:55  05:24 18:33 22:46 03:00 18:55  03:00 08:05
August 7 S 7/8 18:55  05:23 18:29 22:42 02:56 18:55  02:56 08:01
August 8 M 8/9 18:56  05:22 18:25 22:38 02:52 18:56  02:52 07:56
August 9 T 9/10 18:56  05:21 18:21 22:34 02:48 18:56  02:48 07:52
August 10 W  10/11 18:57  05:21 18:17 22:31 02:44 18:57  02:44 07:47
August 11 T 11/12 First Q 1857  05:20 18:13 22:27 02:40 18:57  02:40 07:43
August 12 F  12/13 18:58  05:19 18:09 22:23 02:36 18:58  02:36 07:38
August 13 S 13/14 18:58  05:18 18:05 22:19 02:32 18:58  02:32 07:34
August 14 S 14/15 18:59  05:17 18:01 22:15 02:29 18:59  02:29 07:30
August 15 M 15/16 18:59  05:16 17:57 22:11 02:25 18:59  02:25 07:26
August 16 T  16/17 19:00  05:15 17:53 22:07 02:21 19:00  02:21 07:21
August 17 W 17/18 19:00 05:14 17:49 22:03 02:17 19:00  02:17 07:17
August 18 T  18/19 19:01  05:13 17:45 21:59 02:13 19:01  02:13 07:12
August 19 F  19/20 Full 19:01  05:12 17:41 21:55 02:09 19:01  02:09 07:08
August 20 S 20/21 19:02  05:11 17:37 21:51 02:05 19:02  02:05 07:03
August 21 S 21/22 19:02  05:10 17:34 21:47 02:01 19:02  02:01 06:59
August 22 M 22/23 19:03  05:09 17:30 21:43 01:57 19:03  01:57 06:54
August 23 T  23/24 19:04  05:08 17:26 21:39 01:53 19:04  01:53 06:49
August 24 W 24/25 19:04  05:07 17:22 21:35 01:49 19:04  01:49 06:45
August 25 T  25/26 19:05  05:06 17:18 21:32 01:45 19:05  01:45 06:40
August 26 F  26/27 Last Q 19:05 05:05 17:14 21:28 01:41 19:05  01:41 06:36
August 27 S 27/28 19:06  05:04 17:10 21:24 01:37 19:06  01:37 06:31
August 28 S 28/29 19:06  05:03 17:06 21:20 01:33 19:06  01:33 06:27
August 29 M 29/30 19:07  05:02 17:02 21:16 01:30 19:07  01:30 06:23
August 30 T 30/31 19:07  05:00 16:58 21:12 01:26 19:07  01:26 06:19
August 31 W 31/1 New 19:08  04:59 16:54 21:08 01:22 19:08  01:22 06:14
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3.2. Galaxy Dynamic Mass

The dynamical mass of NGC 6822 is not well constrained at present. McConnachie
[2012] gives a value of 100 x 10% M, based on a putative mass-to-light ratio of 17
and Mateo [1998] gives a value of 1640 x 10° M, with a T = 17 Y. Weldrake
et al. [2003] estimates of the baryonic mass of NGC 6822 of 2.8 x 10® M, with
individual contributions from its stellar content of 1.3 x 10% My, (at Ygepar = 0.35),
and from its gas content of 1.5 x 108 My, by selecting suitable halo models (for the
stars and the gas) and finding the best fits of the velocity /radius combinations to
the measured rotation curves. Weldrake et al. [2003] compares this with a dark halo
mass estimated at 5.2 x 1019 M.

A simple approach to measuring the dynamical mass could assume that a test
particle orbits the galaxy centre in circular orbit, of radius r, at a velocity v,., and
that the galaxy is an isotropic mass, which can be considered as a Newtonian central
point source. The mass enclosed by the orbit, My, is then given by equation (3.9).

R 1%

,
Meype = = v2 ~ 2.326 x X & x 10° [M, 3.9
G [kpc] * [km s (Mo (3.9

where G & 4.300 x 107% kpc Myt (km s71)2. V. is the circular velocity of a star

! moving in a circular orbit of radius R in kpc.

in km s~

If we let V. of the test particle be equal to the rotation velocity calculated in §2.4.3,
Viot = 11.3 km s™!, and using the mean distance, 1.1 kpc, of the inner population
of C-type stars in the sample from the galaxy centre, see §2.5, as the corresponding
orbital radius R of the test particle then, using equation (3.9), the dynamical mass
enclosed M, ~ 40 x 10° M.

This treatment is a great oversimplification. Firstly, the kinematic assumption
is too simple. The carbon stars in NGC 6822 form a pressure supported spheroid,
and hence the rotation velocity of the C-star population significantly underestimates
that of a rotationally supported orbit. Secondly, there is no attempt to de-project
the measured radial velocities into orbital velocities about the galaxy centre, and
thirdly, the mass distribution in NGC 6822 is too simple. The mass derived must
therefore be considered a lower limit that underestimates the mass by a factor of a
few. The HI disk, which is rotationally supported, is able to provide more reliable
mass estimates [Weldrake et al., 2003].

Dynamical modelling of the AGB population would enable the galaxy mass to
be estimated from the stellar rotation velocities measured, but this is a complicated

procedure. The theory is covered in detail in Binney and Tremaine [2008] and Sparke
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and Gallagher [2007] but the practicality of implementing the theory on NGC 6822
is not trivial and extends beyond the scope of this MPhil thesis.

Mateo [1998] suggests using the King method [Richstone and Tremaine, 1986]
which adopts the formula in equation (3.10), to calculate the mass-to light ratio for a
chosen halo model given the radial velocity dispersion profile, o(r), spectroscopically
obtained, the surface brightness profile, I(r), photometrically obtained, and the half-
light radius, Ry,. ™ ,

904(0
Ve ”27TGI(<0))Rh (3.10)

Equation (3.10) is derived from the Virial Theorem [Sparke and Gallagher, 2007]
and is valid for galaxies where the stellar orbits are non-circular. The velocity
dispersion is given by 02 = ((v,—1,)?), where v, are the stellar radial velocities and v,
is the mean galactic velocity. For many halo models, the constant of proportionality
n =~ 1 [Richstone and Tremaine, 1986], but this is not so in all cases, so care must

be taken. In the Plummer model for instance, n ~ 2.6 [Sparke and Gallagher, 2007].

Although my summary results include values for o(Vjeo), see Table 2.3 column
[5], they are not appropriate as an estimate of o in equation (3.10), since they are
dominated by the measurement errors (V) in column [4] of the table. The new
observations proposed in §3.1 will reduce (V,,,) and may yield sufficient accuracy for

the mass-to light ratio to be estimated.

A number of halo models can give the gravitational potential, V®, of a galaxy
depending on its morphology, and which could enable a better means to dynamically
model the galaxy and to determine its dynamical mass. Some of these are listed
below. Together with others, they are described in detail in Binney and Tremaine
[2008]. For NGC 6822, the chosen halo will need to take account of the central
core, the gas disk, the outer halo of RGBs/AGBs and a putative dark matter halo.
The stellar halo will need to be able to cater for ellipsoidal density distributions in
the core and RGB/AGB population, rather than spherical. King models have been
used in the past [Hodge et al., 1991, Mateo, 1998] which have enough degrees of
freedom to enable a wide variation in morphologies. Weldrake et al. [2003] uses an
isothermal density profile, where the circular speeds are constant at all radii, for the
stellar population, a Navarro-Frenk-White (NFW) for the dark matter halo and a
thin disk approximation for the gas disk. The choice of the relevant halo will be an

important feature in the further development of this topic.
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Halo Models

Dynamical frameworks for future theoretical studies of the rotation in NGC 6822
could be chosen from the following halo models. The models are fully explained,

with equations, in Binney and Tremaine [2008].

e Plummer model. This is a simple model for the potential of spherical sys-

tems and is unsuitable for ellipsoidal density halos.

e Isothermal model. This is similar to the Plummer model, adding an extra
degree of freedom, and is useful where the velocities are constant over a wide

radius.

e King models. These comprise a suite of models which provide flexibility by
using three variable scale parameters applicable to a wider range of galactic
shapes, including elliptical galaxies. King models are based on empirical data

[King, 1962] and evolved over a long history [Richstone and Tremaine, 1986].

e Density Models for Dark Matter Halos. It has long been established that
the kinematics of galaxies is dominated by dark matter. Dark matter halos can
only be inferred by indirect means or simulation. A generalised version of the
density model is given in Binney and Tremaine [2008] [their equation (2.64)].
This model has a number of forms but the most common form used for dark
matter halos is the Navarro-Frenk-White (NFW) Model.

The cusp at the centre of the NF'W halo, where density p — oo as the radius r
from the centre reduces, see equation (1.1), has motivated considerable effort
to understand if it is real, or if some physical mechanisms come into force to
eliminate it. In Di Cintio et al. [2014], the NFW model is modified to remove

the central cusp by the introduction of baryonic feedback mechanisms .

e Disk potentials. There are many variants of disk models which could apply
to the gas disk. Weldrake et al. [2003] adopted a thin disk.

With the additional data proposed in §3.1, and more detailed dynamical modelling
as introduced in §3.2, it would be possible to investigate further the structure or
kinematics of the outer halo of NGC 6822, the mass profile of the galaxy and what
these tell us about the structure and history of the brightest isolated dIrr galaxy.
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4. Conclusions

This dissertation is the conclusion of three years of study into the kinematics of NGC
6822. The study used spectra taken for spectroscopic classification purposes over
a wide band with low resolution. Moreover the exposure times were short and the
SNR was low. Originally intended to be a familiarisation with spectral analysis, and
not ideally suited to radial velocity measurements, I quickly found that using IRAF
I was able to obtain reasonable radial velocity measurements from the spectra. The
radial velocities I measured were close to other published sources and is one of only
a small number of stellar based measurements of this kind. Moreover, I discovered
a rotational signal in the data and refined the study to look at this in some detail.
Demers et al. [2006] has suggested that NGC 6822 is a polar ring galaxy based
on the measured radial velocities of of ~ 110 stars lying about a putative rotation
axis lying along the major axis of the AGB stellar distribution. The Demers et al.
[2006] result is often cited. My results show that this is not the case and that the
galaxy rotates in coincidence with the HI disk. This result has been submitted for
publication to MNRAS. The rotational signature of NGC 6822 was an unexpected
discovery.

The second part of the study provides descriptions of two pieces of future work.
The first is to extend the observations to a greater number of carbon stars lying
within the isophotes, and repeat the measurements with greater spectral resolving
power and better SNR. The second part is to undertake a theoretical study of the
gravitational potential of NGC 6822 and to attempt to constrain its dynamical mass.
This may lead to further discoveries of its dark matter content.

Finally, perhaps there is also something to be discovered by examining the kine-
matics of bright dwarf irregular galaxies close to the edge to the LG, where most

are located, to seek out any signature of the interaction between gravitational forces

and Hubble flow.
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A. Error formulae

A.1. Cosmological parameters error combination

The Planck cosmological parameters €, and € are derived from the terms for .h?
and ,h? provided in Table 3 of Planck Collaboration et al. [2014b], where h =
Hy/100. The values for . and €, and their errors +AQ, and +£A€),, are computed
by expanding (Q + AQ)(h £+ Ah)? and dividing by h? to give:

Q 4 (2hQAR + QAR + AQL? + 2hAQAR + AQAR?) /h?

A.2. Distance error, A(D)

The formula used to determine the distance errors, A(D), from distance moduli,
(m — M)y, is A(D) = 0.46052 A(m — M)y kpc. A(m — M), is the error in the

(m—M)

distance modulus and D is the distance in kpc to the object. D = 10(1+ ) kpc.

This expression is derived as follows:

Aln(z) ~ # = Alog,,(z) ~ A(x) I ' Ag(f)

(1 — M)y = 5logyo(D) — 5 = Am — M)y = A(5logyy(D) — 5)
D
So A(m — M)y = 5 A(logo(D) — 1) = 5 Alogy, (1_()) , where D is in pc

Let z = D/10, rearranging we get
Alm—M
N (m )o

A
= Alog, () = 043429 f)
T o 043129 5 = 0.46052 A(m — M),

and = A(z) = 0.46052 A(m — M)o x
now A(z) = A(D/10) = A(D)/10 and x = D/10, so

A(D) = 0.46052.A(m — M)y.D, where D = 1001+ 5
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A.3. Velocity error, AV,

The formula used for AV, is as follows:

360

AVior = {%0 > i — yz)Q} (A1)

=1

A.4. Position angle error, APA

The formula used for APA is as follows:
|30 3
APA =< — (6, —0,)? A2
{53000 ] a2)
0; is incremented in 1° steps and for each increment the mean bin velocity, v;, is

taken. By setting ¢; = v; in equation (A.3), 0; is found.

Ui — Yo

rot

f; = PA =+ arcsin { } the sign depends upon the quadrant (A.3)

which is derived from the equation § = Vio sin(d — 6y) + yo, and where 6y = PA

and g is the offset, and V. is the overall computed rotation velocity of the galaxy.
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FULL RADIAL VELOCITY RESULTS

APPENDIX B.
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APPENDIX B. FULL RADIAL VELOCITY RESULTS

The following table explains the content of each column in the Appendix B

Column

1&2

3&4

6&7

8 & 12

9,10 & 11

13,14 & 15

16

Description

Fibre number and the target identifier respectively as defined by
Sibbons et al. [2015].

Right ascension (RA) and declination (Dec) of each object (J2000)
according to Sibbons et al. [2015].

Distance of the object from the galactic centre (o = 19" : 44™ :
56° (296.2333°), J2000 and & = —14° : 48’ : 06" (—14.8017°),
J2000) centred on the optical co-ordinates of NGC 6822 adopted
by Sibbons et al. [2012, 2015] and a galactic distance of 490 kpc
[Mateo, 1998].

Photometric classification of each object from Sibbons et al.
[2012], and its corresponding spectroscopic classification from Sib-
bons et al. [2015]. See Sibbons et al. [2015] for J, H, K magnitudes

SNR of each object calculated in the band 8560 A to 8650 A for
the nights of 30 August 2011 and 31 August 2011 respectively.

hght, the heliocentric radial velocity (Vieio) and the velocity error
(Verr) returned from frcor for the night of 30 August 2011.

hght, the heliocentric radial velocity (Vielio) and the velocity error
(Verr) returned from frcor for the night of 31 August 2011.

Flag showing which objects were used in the composite templates:
“C” for the C-type composite and “M” for the M-type composite.
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C. IRAF modules used in the

study

The following IRAF applications were used in this study :

82

splot is a spectrum plotting package which enables each spectrum to be indi-
vidually examined. The package can be used to find the S/N ratio over various
bands and the signal level measured pixel by pixel. splot lies in the onedspec

folder in the noao package within IRAF.

rvidlines is a single spectrum plot which enables the user to identify and
select one or more spectral lines and input their rest values. The module then
computes the V, and an error value for the lines. This package can be used to

establish the motion of the template with respect to the observer.

rvcorrect is a module which enables the heliocentric correction to be found

given the epoch of the observation, the locations of the observatory and object.

scopy is a routine in onedspec in IRAF, which is used to copy .fits files into
fits or .txt files and can be used to place limitations on selected parameters,

such as the wave band of interest.

dopcor is a routine also in onedspec, in which a spectrum can be Doppler
corrected by a shift which can be individually assigned. If the amount of shift
required is determined by frcor from a reference spectrum in a ‘rest frame’,
the object spectrum can be shifted to the ‘rest frame’. In general for multiple
spectra. the amount of Doppler shift will differ from object to object. For a

group of ~ 100 objects, this process was automated in Python.

scombine is another routine in onedspec, which enables two or more spectra to

be combined into a single spectra.
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Many of the routines were automated in Python using Pyraf. Scripts have been

written to:
e Measure the SNR of all objects in the range 8560 A to 8650 A.
e Generate the composite template and measure its SNR.

e Select acceptable results meeting the selection criteria, plot radial velocities,

histograms and plots of errors with respect to the SNR and hght.

e Compute and plot the rotation of the AGB stellar content.
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