
Chapter 2

The HRS+ Sample

2.1 The Herschel Reference Survey

In order to tackle the problems raised in the Introduction, it is first necessary

to construct a sample of galaxies which is both representative of the local galaxy pop-

ulation and consists of objects residing in different environments. These requirements

are particularly important for avoiding bias when addressing the question of whether

nature or nurture drives galaxy evolution in the local universe.

There are many datasets available covering nearby galaxies in a variety of

wavebands, from the ultraviolet observations from the Galaxy Evolution Explorer

(Martin et al., 2005), the optical Sloan Digital Sky Survey (York et al., 2000) and the

Two Micron All Sky Survey (Jarrett et al., 2003), for example. However, this study

requires a multiwavelength dataset, with ultraviolet to infrared imaging, nuclear and

integrated optical spectroscopy, and atomic hydrogen emission line data. These data

are crucial for tracing the key components of a galaxy, yet few (if any) galaxy samples

enjoy such a wide wavelength coverage.

Fortunately, there is one such sample that meets these criteria and is ideal for

the aims of this thesis. The Herschel Reference Survey (Boselli et al., 2010; hereafter

HRS) is a guaranteed time key project to study dust in the nearby universe using the

Herschel Space Telescope (Pilbratt et al., 2010) and the SPIRE instrument (Griffin

et al., 2010). The sample is volume-limited and flux-limited in order to include nearby,

bright galaxies of morphological types across the Hubble sequence and residing in a

wide range of environments. The defined sample was designed to meet a number of

scientific objectives in order to study the distribution of the cold dust component

of galaxies in the local universe, and to better understand the role of dust in the

physics of the ISM, star formation, and the intergalactic dust cycle, amongst other key
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objectives. To tackle these objectives, a large dataset has been collected that provides

a wide coverage of the electromagnetic spectrum, probing the atomic and molecular

gas components, different stellar populations, warm dust, metallicity, star formation

and nuclear activity - in short, most of the components of a galaxy. This ancillary

data, even without the forthcoming Herschel/SPIRE observations, is extremely useful

for studying galaxy evolution.

I chose to investigate the processes driving nearby galaxy evolution using a

sample similar to that of the HRS. The HRS selection criteria define a sample which,

when combined with the rich dataset of multiwavelength observations, is ideal for

disentangling the effects of internal and environmental effects on galaxy evolution

at the present epoch. Thus, I initially use the HRS selection criteria as a basis for

constructing a sample for this thesis.

2.2 Selection criteria

I adopt a sample based on the selection criteria similar to the criteria of the

HRS. As described in Boselli et al. (2010), the HRS selection criteria are:

1. Galaxies are selected according to a K band limit, dependent on morphological

type. A limit of a 2MASS K band total magnitude KStot ≤ 12 mag is imposed for

spiral galaxies (Sa-Sd-Im-BCD), whereas the more stringent limit of KStot ≤ 8.7

mag is adopted for early-type galaxies (E, S0 and S0a).

2. A volume limit is also imposed. An upper distance limit reduces distance uncer-

tainties and ensures the presence of low luminosity dwarf systems not observ-

able at higher redshifts, whereas a lower distance limit excludes very extended

objects that would consume too much observing time with Herschel. Thus,

galaxies are selected with an optical recessional velocity between 1050 km s−1

and 1750 km s−1 . Assuming H0 = 70 km s−1 Mpc−1 and in the absence of

peculiar motions, this corresponds to a distance range of 15 ≤ D ≤ 25 Mpc.

The recessional velocities are taken from NED. However, it is noted that in the

Virgo cluster (12h < R.A.(2000) < 13h; 0◦ < Dec. < 18◦) peculiar motions do

dominate and so I include all galaxies with recessional velocities < 3000 km s−1

and belonging to the cluster subgroups defined in Gavazzi et al. (1999). The

cluster subgroups included are the Virgo A, North (N) and East (E) clouds, the

southern extensions (S) and Virgo B, which lie at distances between 17 and 23

Mpc, but I exclude the W and M clouds lying at 32 Mpc, following the HRS

criteria.
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Figure 2.1: The sky distribution of the HRS+ for early-type (E-S0-S0a; open triangles)
and late-type (Sa-Sd-Im-BCD; solid circles) galaxies (left panel). Dashed contours
delimit the different clouds. The big concentration of galaxies in the centre of the
figure is the Virgo cluster (red colour) with its outskirts (dark green). Blue symbols
are for Coma I Cloud, magenta for Leo Cloud, brown for Ursa Major Southern Spur
and Cloud, cyan for Crater Cloud, purple for Canes Venatici Spur and Camelopardalis
and orange for Virgo-Libra Cloud galaxies. The Virgo cluster region is magnified for
clarity (right panel). Black contours show the diffuse X-ray emission of the cluster
(from Böhringer et al., 1994). Red symbols are for galaxies belonging to the Virgo A
cloud, blue to Virgo B, orange to Virgo E, magenta to Virgo S, cyan to Virgo N and
dark green to the Virgo outskirts, as defined by Gavazzi et al. (1999). This figure was
adapted from Boselli et al. (2010) to include the HRS+ members.

3. Finally, to minimize galactic cirrus contamination, galaxies residing at high

galactic latitude (b > +55◦) and in regions suffering from low galactic extinction

(AB < 0.2; Schlegel et al., 1998) are selected.

The HRS imposes different K band limits depending on the morphology, be-

cause quiescent galaxies have lower expected dust content than late-types (Sa-Sd-Im-

BCD), so that the integration times necessary to detect dust in early-types would be

unreasonable for the Herschel observations. Since this is not an issue for the current

work using ancillary data, I use the same KStot limit for all types. Relaxing the limit

to select all galaxies with a 2MASS K band total magnitude of KStot ≤ 12, regardless

of morphological type, means that the sample is not biased against early-type galax-

ies. Because the modification to the KStot limit results in a slightly larger sample

than from the HRS criteria, since more early-types are selected, I refer hereafter to
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Figure 2.2: The distribution in morphological type (left panel) and KS band luminos-
ity (right panel) of the HRS (blue histogram) and the HRS+ (red histogram). The
additional early-type galaxies due to the lower KS band magnitude limit of the HRS+
are evident.

the sample used in this thesis as the HRS+ sample. As such, these criteria produce a

sample of 454 galaxies residing within the area of sky between 10h 17m < R.A.(2000)

< 14h 43m and -6◦ < Dec. < 60◦, shown in Figure 2.1. This sample consists of 171

early-type and 283 late-type galaxies inhabiting a range of different environments,

from members in the dense center of the Virgo cluster to isolated systems. Figure

2.2 demonstrates the difference between the distribution of the additional galaxies

in both morphological type and K band luminosity distribution. It is clear that the

modified magnitude limit has included a greater number of ellipticals, lenticulars and

dwarves, and the inclusion of these galaxies in the sample increase the luminosity

distribution at fainter K band magnitudes. A complete list of the galaxies comprising

the HRS+ sample, together with some of their key properties and SDSS composite

images, may be found in Appendix A.

For the following analysis, two subsamples are created based on the environ-

ment inhabited by each object in the sample. All galaxies with membership of the

Virgo cluster, as defined by Gavazzi et al. (1999), comprise the ‘cluster’ subsample

and galaxies outside Virgo, which range from isolated systems to galaxies in groups,

are selected for the ‘non-Virgo’ or ‘field’ subsample (and I refer to this sample of

galaxies in low density environments using both terms interchangeably). Finally, it

should be noted that although the HRS+ sample is magnitude- and volume-limited,

it might be biased towards high-density environments; nearly half of the galaxies in

the sample reside within the Virgo cluster, which might not be a fair representation

of the local Universe.
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2.3 Mutliwavelength observations

The Herschel Space Telescope with the SPIRE instrument will deliver high sen-

sitivity, high resolution images at 250, 350 and 500 µm, which will greatly improve

current knowledge of the cold dust properties of nearby galaxies. To fully exploit the

data delivered by Herschel, the observations will be combined with ancillary multi-

wavelength observations tracing the key components of galaxies. For this reason, a

large multiwavelength dataset for the HRS galaxies has been assembled from observa-

tions available across the range of the electromagnetic spectrum, from X-ray to radio

data (see Table 4 in Boselli et al., 2010). There is a wealth of science that can be

accomplished using just this ancillary dataset alone.

I exploit this multiwavelength dataset to trace the key components of galaxies.

Ultraviolet to near-infrared imaging is necessary for tracing the different stellar pop-

ulations and any recent star formation activity. Optical spectroscopy is important for

determining the internal dust extinction, measuring the stellar and gas-phase metal-

licities, quantifying nuclear activity and also measuring star formation activity. The

gas content of galaxies can be traced via Hi line observations. Finally, mid-infrared

observations are used for estimating the warm dust component. In short, the dataset

traces all of the components of the stars and the ISM.

Whilst the data used in this work is described below, a full description of all

the data available for the HRS may be found in Boselli et al. (2010). The exact

number of observations available in each band is summarised in Table 2.1.

Optical & NIR imaging

All the galaxies in the HRS+ sample have been observed by the Two Micron All

Sky Survey (2MASS; Jarrett et al., 2003) in the J (1.25 µm), H (1.65 µm) and KS

(2.15 µm) bands. In addition, deep images of the B (442 nm), V (540 nm), H and

KS bands were taken during surveys of the Virgo cluster conducted by Boselli et al.

(1997, 2000, 2003) and Gavazzi et al. (2000), and made available in the GOLDMine

database (Gavazzi et al., 2003a). Finally, SDSS Data Release 7 (Abazajian et al.,

2009) provides images taken with the 2.5 m telescope at Apache Point Observatory

for the vast majority of the HRS+ galaxies, covering the u, g, r, i, and z bands with

effective wavelengths of 3550Å, 4670Å, 6160Å, 7470Å and 8920Å respectively.

Nuclear spectroscopy

Nuclear spectroscopy sampling the central regions of galaxies are available via the

SDSS. The SDSS use 3′′ diameter fibers that obtain spectra covering from 3800 to
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9200Å at a resolution of 1800 < R < 2200. Nuclear spectra are available for 245 of the

283 late-type galaxies in the HRS+ sample, with emission line properties accessible

from the SDSS website1.

Hi line data

Single-dish Hi 21 cm line emission data is taken from the digital archive of Springob

et al. (2005), which contains observations for ∼ 9000 nearby galaxies. The obser-

vations were taken at several radio telescopes: the 305 m Arecibo telescope of the

National Astronomy and Ionosphere Center, the late 91 m and 42 m Green Bank

telescopes of the National Radio Astronomy Observatory, the Nancay radio telescope

of the Observatory of Paris, and the Effelsberg 100 m telescope of the Max Planck

Institut fur Radioastronomie. Although the data was obtained in a heterogeneous

manner over the course of 20 years, Springob et al. (2005) have re-analysed the global

Hi line profiles using a single set of processing and parameter estimation algorithms

to deliver a homogeneous catalogue of derived properties. They correct the Hi line

flux, Sobs =
∫

S(ν) dν, for the effects of beam attenuation, pointing offsets and Hi

self-absorption and the line widths are corrected for instrumental broadening. In ad-

dition, some Hi line measurements have been taken from Gavazzi et al. (2003a) and

from the NASA Extragalactic Database (NED). Thanks to this large dataset, the

HRS+ sample is statistically complete in Hi line data.

UV imaging & integrated spectroscopy

Unfortunately, despite the completeness in imaging, nuclear spectroscopy and Hi line

data, the HRS+ sample is incomplete in both UV photometry and optical, integrated

spectroscopy. Both types of data are highly important for addressing the aims of this

thesis. The UV emission traces recent star formation and allows the estimation of

the star formation rate, whereas optical integrated spectroscopy provides a measure

of the metallicity. The combination of star formation rates and metallicities provide

the key ingredients required for studying the star formation and chemical evolution.

Ultraviolet observations are available from the Galaxy Evolution Explorer

(GALEX; see Chapter 3) in the FUV (1528Å: 1344-1786Å) and NUV (2271Å: 1771-

2831Å) bands. These were taken as part of several observing campaigns: the Nearby

Galaxy Survey (Gil de Paz et al., 2007), the Virgo cluster survey (Boselli et al., 2005)

and the All-sky Imaging Survey. A few galaxies are covered by pointed observations

in open time proposals. At the start of this thesis, less than a third (146/454) of

1SDSS imaging and spectroscopy available from www.sdss.org.
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the HRS+ galaxies had been observed in the two UV bands, therefore additional ob-

servations are required. In addition, it may be beneficial to retrieve the more recent

observations from the GR2 and GR3 data releases, which use an updated reduction

pipeline. The GALEX data is described in greater detail in Chapter 3.

The nuclear spectroscopy discussed above is not adequate for the purpose

of obtaining global metallicity estimates, since the 3′′ diameter fibers cover a small

fraction of the surface area of nearby galaxies. At the distance of the Virgo cluster, the

fiber aperture covers ∼0.5 kpc compared to the typical diameter of a massive spiral

being ∼10 kpc, hence a global galaxy spectrum is not observable. Instead, integrated

spectroscopy obtained using the drift scan technique is required. By uniformly drifting

the spectrograph slit across the entire extent of the galaxy during exposure of the

CCD, a global spectrum is obtained. Integrated spectra have been acquired as part of

an observing campaign with the 1.93 m telescope at Observatoire de Haute Provence,

the 3.6 m ESO telescope, the 1.52 m Loiano telescope and the 2.1 m San Pedro

Martir telescope. The observations taken from 1998 to 2003 cover 225 objects in the

Virgo cluster across a typical wavelength range of 3400-7000Å at a resolution of R

∼ 1000. The fluxes and equivalent widths of the optical emission lines covered by

this wavelength range are made available in Gavazzi et al. (2004). Whilst the HRS+

cluster sample may be considered complete, none of the HRS+ field galaxies have

reduced optical spectra. The spectral data is discussed in greater detail in Chapter

4.

2.3.1 Summary of observations

A large multiwavelength dataset is available for the HRS+ sample. The com-

pleteness of the observations in the FUV, NUV, B and V bands, the optical drift-scan

and nuclear spectroscopy and the Hi line measurements are demonstrated in Figure

2.3, with the exact numbers given in Table 2.1. It is evident that, in order to study the

properties of galaxies in different environments, additional FUV and NUV imaging

and optical spectroscopy are necessary for galaxies outside the Virgo cluster.
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Figure 2.3: The completeness of observations of HRS+ galaxies (blue histogram) in
the FUV (top row), NUV (middle row) and B bands (bottom row), compared to total
distribution (solid black line) for the entire sample and for galaxies residing inside and
outside the Virgo cluster (left, middle and right columns respectively). In the diagrams
of the latter two columns, the total distribution is plotted for ease of comparison
(dotted black line).
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Figure 2.3: Continued from previous page. The completeness of HRS+ galaxies (blue
histogram) observed in the V band (top row), with optical spectroscopy (middle row)
and with Hi line measurements (bottom row). The observations are compared to total
distribution (solid black line) for the entire sample and for galaxies residing inside and
outside the Virgo cluster (left, middle and right columns respectively). In the diagrams
of the latter two columns, the total distribution is plotted for ease of comparison
(dotted black line).



28 Chapter 2. The HRS+ Sample

Sample FUV NUV Spec(Int) Spec(Nuc) B V Hi

Total 32.2% 38.5% 33.0% 76.4% 76.0% 70.2% 86.6%
(146/454) (175/454) (150/454) (347/454) (345/454) (319/454) (393/454)

Early-type 33.9% 46.1% - - 82.4% 71.9% -
(58/171) (79/171) (141/171) (123/171)

Late-type 31.1% 33.9% 36.7% 86.6% 72.1% 69.2% 96.8%
(88/283) (96/283) (104/283) (245/283) (204/283) (196/283) (274/283)

Late-type 56.9% 62.5% 72.2% 97.9% 100.0% 91.7% 100.0%
(Cluster) (82/144) (90/144) (104/144) (143/144) (144/144) (132/144) (144/144)
Late-type 4.3% 4.3% 0% 73.4% 43.2% 46.0% 93. 5%
(Field) (6/139) (6/139) (0/139) (102/139) (60/139) (64/139) (130/139)

Table 2.1: The completeness of the UV data, integrated and nuclear spectroscopy,
B and V photometry and Hi observations for the total sample and for the different
subsamples, as available at the start of this thesis.

2.4 Derived physical properties

The multiwavelength observations described in the previous section are all

important for tracing the different components of a galaxy, such as the young and

old stellar populations, the atomic hydrogen gas, the metal content and any nuclear

activity, amongst others. Below, I introduce the methods I adopt for converting the

various observational quantities into the physical properties.

2.4.1 Stellar mass

Estimating the stellar mass is important for many reasons; the stellar mass

assembly of galaxies through cosmic time may shed light on the formation and evo-

lution of structure in the universe. There is an observed bimodality in the galaxy

population, with massive systems having formed the bulk of the stellar population in

the early universe and less massive systems possessing younger stellar populations.

Understanding when galaxies were assembled will provide clues to the origin of this

bimodality (e.g. Baldry et al., 2004). Since nearby galaxies represent the end point

of an evolutionary process, it is important to have accurate measurements of the dis-

tribution of stellar mass with varying morphological types at low redshift, in order

to constrain theories derived from high redshift observations. In addition, the stellar

mass-to-light ratio is also important for converting between photometry and dynam-

ics (e.g. for measuring the decomposed rotation curves of spiral galaxies to probe

dark matter; de Blok & McGaugh, 1998).
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Optical luminosity, originally used as an indicator of the stellar mass, may

not be reliable because optical luminosities are sensitive to the level of current star

formation and are extinguished by dust. Also, near-infrared luminosities can be in-

fluenced by the age of the stellar population of a galaxy. Thus, the influence from

the stellar populations in the different bands must be accurately determined. For-

tunately, reliable stellar mass estimates are now possible with improved stellar evo-

lutionary synthesis models (e.g., Leitherer et al., 1999; Fioc & Rocca-Volmerange,

1997; Bruzual & Charlot, 2003; Maraston, 2005). Bell & de Jong (2001) use stellar

population synthesis models to determine prescriptions for converting optical colors

and photometry into stellar masses assuming a Salpeter (1955) initial mass function.

These prescriptions were updated by Bell et al. (2003), who construct stellar mass-

to-light estimates using fits to SDSS ugriz and 2MASS K band fluxes and provide a

range of conversions using optical colours and infrared luminosities.

I adopt the B − V colour-dependent stellar mass-to-light ratio relation based

on the H band luminosity

log(M∗/M⊙) = −0.359 + 0.21(B − V ) + log(LH/L⊙) (2.1)

from Bell et al. (2003), which assumes a Kroupa et al. (1993) initial mass function.

This relation is most suitable for determining the stellar masses for the HRS+ galaxies

because of the completeness of the available observations in the B, V and H bands. B

and V band observations are available for 312 of the 454 galaxies and morphologically

averaged B−V colours are used when optical observations are unavailable (presented

in Table 2.2). Since the sample is complete in the H band, stellar masses are thus

available for all the galaxies in the HRS+ sample. Bell et al. (2003) report the errors

in the mass-to-light ratio increase with B − V colour, typically being 0.1 dex at the

red end and 0.2 dex at the blue end. Some additional uncertainty arises from the

assumed IMF. However, since M∗ just provides an indication of the stellar mass for

a comparison with models, the uncertainties in the assumed IMF and the choice of

calibration does not affect the conclusions of this work.

2.4.2 Hi mass and deficiency

Neutral hydrogen acts as the fuel for potential star formation and, combined

with the stellar mass, the mass of neutral hydrogen gas may also be used as an

observational indicator of the state of chemical evolution of a galaxy (see Chapter 9).

The Hi mass, MHI , is calculated from the line fluxes available from Springob et al.
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Type N ¯B − V
dS0-dE 21 0.754
E-E/S0 38 0.887
S0-S0/S0a 63 0.856
Sa-Sd 167 0.517
Sm-dIrr-BCD 24 0.406

Table 2.2: Mean B-V values from galaxies binned by morphological type, which are
applied as the colour correction in Equation 2.1 where B and V band observations are
unavilable.

(2005) and Gavazzi et al. (2003b), according to

(

MHI

M⊙

)

= 2.36× 105
(

D

Mpc

)2 ∫ [

S(ν)

Jy

]

( ν

km s−1

)

(2.2)

where the expression within the integral represents the Hi flux density integrated over

the profile width, in units of Jy km s−1 (i.e. Sobs).

This quantity can provide a useful probe of the physical conditions of a galaxy

environment. This is because the Hi distribution in normal, isolated galaxies is radi-

ally flat, often extending beyond the optical disk and with a thickness comparable to

the optical thickness (Cayatte et al., 1994; Salpeter & Hoffman, 1996; Lee & Irwin,

1997), meaning that the Hi gas is only weakly bound by the gravitational potential

of a galaxy. Therefore, Hi gas can easily be removed from a galaxy and the resultant

variation between cluster members and isolated galaxies has been observed. Many

studies have observed the gas content of the Virgo cluster, and have all found that

cluster galaxies have a lower Hi gas content compared to field galaxies. Indeed, map-

ping of the Hi distribution in Virgo and Coma cluster galaxies using high resolution

interferometry (Warmels, 1988; Cayatte et al., 1990; Bravo-Alfaro et al., 2000) has

shown that cluster galaxies are not only deficient of Hi gas, but also have a less ex-

tended Hi distribution compared to relatively isolated systems (see Gavazzi (1989);

Boselli et al., 2002). The Hi deficiency parameter, introduced by Haynes & Giovanelli

(1984), provides a quantitative measure of the difference between the observed gas

content of a galaxy and the expected gas content of an isolated galaxy of the same

optical size, Dobs
opt, and morphological type, T obs. Thus, I estimate the Hi deficiency

parameter, DEF (Hi), according to

DEF (HI) = logMHI(T
obs, Dobs

opt)− logMobs
HI (2.3)
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as defined by Haynes & Giovanelli (1984), with the morphologically-dependent coef-

ficients presented in Table 2 of Solanes et al. (1996). The regression line coefficients

are almost identical from Sa to Sbc types, whereas they significantly vary going to

E/S0 or to Sc and later types (Solanes et al., 1996). The typical uncertainty in the

estimate of DEF (Hi) is ∼0.3 (e.g. Haynes & Giovanelli, 1984; Fumagalli et al., 2009),

but it may increase slightly for dwarf and early-type galaxies. Galaxies are classified

as ‘Hi deficient’ if DEF (Hi) >0.5 i.e. they have lost ≥70% of their original atomic

hydrogen when compared to similar isolated galaxies, and ‘Hi normal’ otherwise.

2.4.3 Classification of nuclear activity

Understanding the role of AGN in the evolution of galaxies remains an area

of active research. With the HRS+ sample, it may be possible to constrain the

relative impact of active nuclei on the host galaxy compared to environmental effects,

therefore an accurate classification of the nuclear activity is important.

AGN are broadly classified by luminosity, ranging from high luminosity quasars,

less luminous Seyferts, and to low luminosity, low-ionization nuclear emission regions

(LINERs). There are various observational tools used to discriminate AGN-hosts

from normal galaxies, and further classify the different types of AGN. These are

based on X-ray observations (e.g. Anderson et al., 2003), mid-infrared spectroscopy

(see e.g. Laurent et al., 2000; Hernán-Caballero et al., 2009 and references therein),

infrared colours (Cutri et al., 2002) and also optical spectroscopy (e.g. Baldwin et al.,

1981).

Nuclear activity may be classified from optical spectroscopy by using different

suites of emission lines present in nuclear spectra. The emission lines in the spectra

of normal star-forming galaxies originate from various elements, ionized by young

stars in Hii regions, whereas the emission lines from AGN arise from ionization due

to a harder radiation field. Because emission lines in normal galaxies are powered

by massive stars, there is a well-defined upper limit on the intensities of collisionally

excited lines relative to recombination lines (such as Hα and Hβ). On the other hand,

AGNs are a source of more energetic photons so that collisionally excited lines are

typically more intense and surpass the upper limits in emission lines from Hii regions

of star-forming galaxies. Thus, the ratios of the intensities of collisionally excited lines

relative to recombination lines can indicate the underlying nature of the ionising field

and measure the level of nuclear activity in a galaxy. Diagnostic diagrams introduced

by Baldwin et al. (1981, hereafter BPT diagrams) typically rely on such ratios, like the

[Oiii] λ5007/Hβ, [Nii] λ6584/Hα, [Oi] λ6300/Hα and ([Sii] λ6717 + [Sii] λ6731)/Hα
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Figure 2.4: The BPT (Baldwin, Phillips & Terlevich, 1981) diagnostic diagram used to
classify the spectra of galaxies in this work, based on the [Nii]/Hα and [Oii]/Hβ line
ratios. Objects for which a measurement of [Oii]/Hβ is not available are plotted at
log([Oii]/Hβ) = -1.1. The Decarli et al. (2007) scheme (straight dashed lines) marks
the classification boundaries between star-forming (blue symbols), LINER, Seyfert
and composite galaxies (red symbols), as described in the text. Line ratios are taken
from either Decarli et al. (2007, circles) or Ho et al. (1997, squares). In addition, the
demarcation lines between star-forming and AGN-host galaxies from Kauffmann et al.
(2003, solid black line) is shown.

line ratios (see also e.g. Veilleux & Osterbrock, 1987; Kewley et al., 2001; Kauffmann

et al., 2003; Lamareille et al., 2004).

In a recent study by Stasińska et al. (2006), these different indicators are com-

pared using a large (∼ 20000) sample of SDSS galaxies and photoionization models.

They find [Oiii] λ5007/Hβ versus [Nii] λ6584/Hα diagrams are the most efficient

indicators of nuclear activity, since the dichotomy of the galaxy population is not so

clear in the diagrams using other combinations of the aforementioned line ratios and

because photoionization models tend to underpredict the [Sii]/Hα and [Oi]/Hα ratios.

They proposed a classification scheme based on the [Nii]/Hα ratio for discriminating

between AGN-hosts, normal star-forming galaxies and hybrid or ‘composite’ galax-

ies, which demonstrate line ratios characteristic of both star formation and nuclear
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activity. Galaxies may thus be divided into these three classes according to

1. [Nii]/Hα < 0.4 for Hii -like nuclei of normal star-forming galaxies;

2. [Nii]/Hα > 0.6 for AGNs;

3. 0.4 < [Nii]/Hα < 0.6 for Hii /AGN composite objects.

In addition, Decarli et al. (2007) adopted the [Oiii] λ5007/Hβ to further divide the

AGN-hosts according to lower luminosity LINERs ([Oiii]/Hβ < 3) and the more

power Seyfert nuclei ([Oiii]/Hβ ≥ 3) where observations are available, otherwise AGN

are classified as Seyfert/LINER. This classification scheme is also adopted for the

HRS+ sample (see Figure 2.4), although it should be noted that I refer to any galaxies

with [Nii]/Hα > 0.6 as AGN-hosts regardless of the AGN type.

It should also be kept in mind that there may be some bias in the classification

of edge-on galaxies, where difficulty is experienced in obtaining accurate spectra from

the central region for measurement of the nuclear activity. Possible contamination

of the spectra from any star formation along the line-of-sight through the outskirts

to the centre may lead to an incorrect measure of nuclear activity and result in

a classification as a composite or, in cases of intense star formation, a purely star-

forming galaxy. At present, this effect has not been thoroughly examined and remains

a topic of future investigation.

2.5 Conclusions

Although a large multiwavelength dataset was available for the HRS+ sample

at the beginning of this thesis, additional FUV and NUV imaging and optical spec-

troscopy are necessary for galaxies outside the Virgo cluster. This data is crucial for

any study comparing the properties of galaxies in different environments and, there-

fore, I must first acquire the data necessary for this work. Therefore, the following

two chapters focus on increasing the availability of ultraviolet photometry and optical

spectroscopy.
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Chapter 3

Ultraviolet Photometry

3.1 Introduction

Observations of the ultraviolet (UV) properties of nearby galaxies are essential

for understanding galaxy evolution in the local universe. Massive, young stars emit

most of their energy as UV radiation and this emission can dominate the spectral

energy distribution of star-forming galaxies (e.g. Bruzual & Charlot, 2003). For late-

type spiral and irregular galaxies, the UV emission is a reliable indicator of recent (t

< 108 yr) star formation (Kennicutt, 1998). The emission of UV is also important

for studies of quiescent early-type galaxies, following the discovery of an unexpected

excess of UV flux in these systems (the ‘UV upturn’; Code, 1969; Bertola et al., 1982).

Understanding this phenomenon may shed light on the evolution of low mass stars

on the horizontal branch (Burstein et al., 1988; O’Connell, 1999). UV observations

have also revealed residual star formation in a fraction of nearby elliptical galaxies

(Yi et al., 2005). In addition, UV light can be very efficiently absorbed by dust and

then re-emitted at far-infrared wavelengths, and so a comparison of the infrared and

UV emission is a useful tool to determine the dust attenuation (see e.g. Cortese et al.,

2008). Therefore, there is much that can be learnt from ultraviolet observations.

The studies presented in this thesis use the UV properties of nearby galaxies in

a number of different ways. By using integrated UV magnitudes in ultraviolet-infrared

colour-magnitude diagrams (Chapter 5), radial surface brightness profiles (Chapter

6), and estimates of the star formation rates in late-type systems (Chapters 7 and

9), I hope to constrain current theories of galaxy evolution. Fortunately, many UV

observations of local galaxies are now available from the Galaxy Evolution Explorer

satellite (Martin et al., 2005; hereafter GALEX), which observes in the far-UV (FUV)

and near-UV (NUV) band observations. The following sections describe the GALEX
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observations, the available data and the measurements of UV magnitudes.

3.2 The Galaxy Evolution Explorer

The Galaxy Evolution Explorer (GALEX) is a NASA Small Explorer ultravi-

olet space telescope, launched into orbit on the 28th April 2003. The satellite consists

of a 50 cm-diameter, modified Ritchey-Chretien telescope with a 1.2 deg circular field

of view and instruments capable of taking both imaging and spectroscopic observa-

tions. Two detectors image two UV bands: the FUV band (1528Å: 1344-1786Å)

and the NUV band (2271Å: 1771-2831Å). The FUV detector has a peak quantum

efficiency of 12% and the NUV detector has an efficiency of 8% . The instrumental

configuration can be used to image both bands simultaneously using a dichroic beam

splitter. The resolution of the system is typically 4.5(6.0)′′ in the FUV(NUV). Full

details about the mission are given in Martin et al. (2005) and Morrissey et al. (2005).

The GALEX mission includes a number of spectroscopic and imaging surveys

with varying sky coverage and depth. Here, I focus on describing the main imaging

missions:

• All-sky Imaging Survey (AIS): The AIS aims to observe the entire sky down

to a sensitivity of mAB ≃ 19.9 mag (20.8 mag) in the FUV(NUV) band. The

large sky coverage is achieved by observing up to twelve 100-second pointed

exposures per eclipse at positions chosen to avoid gaps between the observed

fields. Approximately 75-95% of the observable sky will be imaged (subject to

the strict brightness limits imposed to protect the sensitive detectors). In the

latest data release (GR4), over 28000 deg2 of the sky have been observed.

• Medium Imaging Survey (MIS): The MIS images are single eclipse exposures,

typically 1500 seconds, with sensitivity mAB ≃ 23 mag, which aims to cover 1000

deg2. The MIS pointings cover positions matching the Sloan Digital Sky Survey

(SDSS; York et al., 2000), the Two Degree Field Galaxy Redshift Survey (2dF-

GRS; Colless et al., 2001) and the AA-Omega (WiggleZ) project (Glazebrook

et al., 2007).

• Deep Imaging Survey (DIS): The DIS consists of 30000 second exposures taken

over 20 eclipses, reaching sensitivity limits of mAB ≃ 25 mag. Over 80 deg2 of sky

has been observed, with significant overlap with other surveys (e.g. COSMOS).

• Nearby Galaxies Survey (NGS): The NGS targets well-resolved nearby galaxies,

imaging with 1000-1500 second exposures and reaching surface brightness limits
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of mAB ≃ 27.5 mag arcsec2. The GR4 release contains 433 pointings.

Cluster name Coordinate range (J2000)
Abell 262 26.6 < R.A. < 31.0 ; 34.5 < Dec. < 38.5
Cancer cluster 123.5 < R.A. < 127.0 ; 20.5 < Dec. < 22.0
Coma supercluster 174.0 < R.A. < 202.0 ; 17.5 < Dec. < 31.5
Virgo cluster 182.0 < R.A. < 192.5 ; 2.0 < Dec. < 17.5
Abell 2199 239.0 < R.A. < 242.0 ; 14.5 < Dec. < 19.5
Abell 2147 245.0 < R.A. < 249.0 ; 38.5 < Dec. < 41.5

Table 3.1: The locations of clusters for which GALEX observations were retrieved,
where available.

Images taken as part of these observing campaigns are used in this work to

derive the UV magnitudes used throughout this thesis. In the following sections, I de-

scribe the selection of the GALEX pointings and the method employed for measuring

the UV properties of galaxies.

3.3 UV observations

GALEX observations covering the Virgo cluster, thus including the Virgo

galaxies present in the HRS+ sample, were selected together with observations of

five other nearby clusters (see Table 3.1). The extra clusters were obtained in order

to either update or expand the number of UV magnitudes available as part of the

multiwavelength dataset contained in the GOLDMine database (see Gavazzi et al.,

2003a). The GALEX observations were obtained from the GR2/GR3 data release for

the FUV (1528Å: 1344-1786Å) and NUV (2271Å: 1771-2831Å) bands, where avail-

able. In total, there are 357 NUV and 162 FUV fields of view covering these regions.

The lower number of FUV observations was due to a technical problem with the

GALEX FUV detector.

Galaxies selected from two catalogues were then extracted from the GALEX

observations. The Catalogue of Galaxies and Clusters of Galaxies (CGCG; Zwicky

et al., 1961) and, in particular for Virgo, the Virgo Cluster Catalogue (VCC; Binggeli

et al., 1985) contained the coordinates to locate the galaxies within the GALEX

observations for extraction. In all clusters, galaxies brighter than mph = 15.7 mag

were selected from the CGCG, except for Virgo where objects brighter than mph =

20.0 mag were selected from the VCC. From the images of the complete GALEX
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Figure 3.1: The GALEX NUV band field of view containing VCC 1043, as an example,
with the finding chart of the object presented as the inset.

field of view, cropped images (finding charts) containing each individual galaxy were

obtained and then used for the remainder of this work. An example of the GALEX

field of view and generated finding chart for a galaxy is presented in Figure 3.1. This

process generated 2883 NUV and 1676 FUV find charts covering observations of 2181

galaxy members of the six clusters.

3.4 Aperture photometry

To obtain magnitudes from these UV observations, aperture photometry is

performed utilising the funtools software for ds9. This software counts the number of

photons in a defined source aperture and subtracts the background number of counts,

determined from the mean flux from several background count measurements after

normalisation by the area. As the GALEX images are normalised by the exposure

time, each photon count is actually a count rate. The location, size and position angle

of the source apertures to measure the count rate are initially set using the µ(B) = 25

mag arcsec2 isophote and based on the NUV band finding charts. For cases where the

NUV emission extends beyond this isophote, the contour is manually edited by eye,

such that the apertures contained the entire NUV flux from the object. The source
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flux, in counts per second, is then converted into an AB magnitude using

mAB(FUV ) = −2.5 log fFUV + 18.82

mAB(NUV ) = −2.5 log fNUV + 20.08 (3.1)

This conversion is accurate to ±10% (Martin et al., 2005). Possessing multiple ob-

servations of individual galaxies from the different GALEX imaging missions meant

that the reproducibility of a measured magnitude can be tested; a comparison of

981 galaxies with more than one measured magnitude demonstrates good agreement

between the different measurements (see Figure 3.2). The standard deviation of the

residual magnitudes, σδm, where

δm = mx,1 −my,2 (3.2)

gives the error in the magnitudes. The calculated values of σδm are 0.11 mag for the

mNUV and 0.12 mag for the mFUV residual magnitudes. A significant fraction of the

sample in both GALEX bands has been published in previous works (Cortese et al.,

2005; Cortese et al., 2006; Boselli et al., 2008), allowing for a comparison between

the results presented here and in the literature. Magnitudes for 428 and 168 galaxies

in the NUV and FUV, respectively, are available from these works. The calculated

values of σδm for the comparison (presented in Figure 3.3) are 0.16 mag for the mNUV

and 0.14 mag for the mFUV residual magnitudes. These values are slightly larger than

those from the previous comparison of multiple measurements in this work, but this

is unsurprising because the values from past studies are based on an earlier GALEX

data release (GR1), for which the photometric calibration was less precise than the

current data release. The typical uncertainty in the magnitudes and the colours used

in the following work is therefore ≤ 0.2 mag and this error is reduced further by using

the average magnitude from all the observations available for each galaxy.

3.5 Dust attenuation corrections

The presence of dust in galaxies must be taken into account when attempting

any quantification of properties derived from UV emission. The UV light is predom-

inantly emitted by young stars, typically surrounded by dust clouds. Dust grains

preferentially absorb the UV photons, which consequently reddens the spectral en-

ergy distribution of a galaxy at short wavelengths. This can lead to incomplete or

biased conclusions about the star formation activity in a galaxy, if the UV emission is
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Figure 3.2: A comparison between resulting mFUV (left panel) and mNUV (right panel)
magnitudes obtained for all galaxies for which multiple observations are available. The
scatter σ and the offset of the residual magnitudes δm are also presented.

Figure 3.3: The mFUV (left panel) and mNUV (right panel) magnitudes obtained from
this work (denoted by T) are compared with those obtained from previous work (de-
noted by L). The scatter σ and the offset of the residual magnitudes δm are also
presented.
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not properly corrected for the attenuation due to dust. Since this work relies on ac-

curate measurements of the UV emission for studying the properties of galaxies using

various approaches (i.e. colour-magnitude diagrams, surface brightness profiles, star

formation rates), it is especially important to derive accurate extinction corrections.

There are a number of indicators available to estimate the dust attenuation.

The ultraviolet spectral slope (β), the Balmer decrement and the ratio of the total

infrared to UV emission (LTIR/LFUV ) have all been studied as possible measures of

the amount of attenuation (e.g. Buat, 1992; Xu & Buat, 1995; Meurer et al., 1995;

Meurer et al., 1999). The latter method is based on the assumption that a fraction

of the photons emitted by stars and gas are absorbed by the dust. The dust then

heats up and re-emits the energy at infrared wavelengths. Since the method is nearly

independent of the dust geometry or the assumed extinction law (e.g. Buat & Xu,

1996), the LTIR/LFUV method is considered the most reliable. However, the ratio

does depend on the age of the underlying stellar populations, as dust heating by old

stars is more important in systems with low specific star formation rates and so the

IR emission does not fully correspond to the absorption of UV photons.

Past studies on samples of star-forming galaxies could rightly consider this

age effect negligible (Gordon et al., 2000), but age-dependent attenuation corrections

have become necessary since GALEX UV observations of galaxies cover the entire zoo

of morphologies (see e.g. Martin et al., 2007; Schawinski et al., 2007). Cortese et al.

(2008) demonstrate that applying age-independent corrections could systematically

overestimate the attenuation (> 1 mag) even in late-type galaxies, which can lead to a

significant bias in the interpretation of the UV observations. They provide empirical

relations for estimating the UV attenuation that take into account the dependence of

the age of the stellar populations.

Thus, I use the LTIR/LUV method and the age-dependent relations of Cortese

et al. (2008) to correct the UV magnitudes for internal dust attenuation. The TIR

luminosity is obtained from IRAS 60 and 100 µm fluxes or, in the few cases when

IRAS observations are not available, using the empirical recipes described in Cortese

et al. (2006). The typical uncertainty in the NUV dust attenuation is ∼ 0.5 mag.

3.6 Star formation rates

The recent star formation rate (SFR) of a galaxy may be measured from

the light emitted from the young stellar population since their luminosity is directly

proportional to the rate at which they are currently forming. Because most of the

UV photons are originally emitted by stars younger than ∼108 yr, the UV emission
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of star-forming galaxies is closely related to recent star formation and therefore is a

useful indicator of the current SFR. Since a fraction of the UV photons emitted by the

young stars are scattered or absorbed by dust enshrouding the young stars or present

along the line of sight to the galaxy, it is important to first correct the observed UV

emission for dust attenuation in order to derive accurate star formation rates.

Iglesias-Páramo et al. (2006) investigate the use of the GALEX bands to esti-

mate star formation rates. They find that the conversion relations of

log SFRNUV (M⊙ yr−1) = logLNUV (L⊙)− 9.33 (3.3)

log SFRFUV (M⊙ yr−1) = logLFUV (L⊙)− 9.51 (3.4)

provide rates that are accurate to <20%. Hence, I adopt these relations throughout

this work.

3.7 Conclusions

GALEX observations covering six clusters (including Virgo and Coma) were

obtained from the GR2/GR3 data release. Using aperture photometry, source fluxes

were measured and converted into AB magnitudes. The reproducibility of the mag-

nitudes was tested using multiple observations of the same target from the different

GALEX observing missions and the scatter in the AB magnitudes was found to be

slightly larger than ∼ 0.1 mag. These magnitudes were compared to observations

taken from the previous GR1 data release. The two sets of results were found to

be consistent with a slightly higher scatter (< 0.2 mag). The AB magnitudes were

corrected for internal dust attenuation following the LTIR/LUV method (e.g. Xu &

Buat, 1995) and the new age-dependent relations of Cortese et al. (2008). The result

of this work was the measurement of over 1600(2800) FUV(NUV) magnitudes for over

2100 galaxies, with approximately 900 magnitudes added/updated in the GOLDMine

database (Gavazzi et al., 2003a). As such, the HRS+ sample is now almost complete

in both UV bands (see Figure 3.4) for both the cluster and field subsamples.
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Figure 3.4: The completeness of HRS+ galaxies observed in the FUV (upper row) and
NUV band (lower row). The coverage before (blue histogram) and after this work (red
histogram) are compared to total distribution (solid black line) for the entire sample
and for galaxies residing inside and outside the Virgo cluster (left, middle and right

panels respectively). In the diagrams of the latter two columns, the total distribution
is plotted for ease of comparison (dotted black line).
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Chapter 4

Optical Spectroscopy

4.1 Introduction

There is a wealth of information contained within the spectrum of light emit-

ted by a galaxy. For example, emission lines originating from gaseous nebulae and

observed in galaxy spectra reveal conditions of the gas, such as the temperature,

density and the abundances of the heavier elements or ‘metals’. The combination of

optical spectroscopy with the ultraviolet and infrared photometry grants knowledge

of the metal content of the interstellar medium, the star formation rate and the stel-

lar mass, and thus provides information necessary to study the chemical evolution of

galaxies (see Chapter 9). Spectroscopic observations of galaxies in different environ-

ments are therefore important for investigating whether chemical evolution is driven

by environmental effects or internal processes. The range of environments inhabited

by galaxies in the HRS+ sample makes it an ideal sample of galaxies for investigating

the role of the environment in galaxy evolution.

There are few extensive spectroscopic surveys of galaxies focussed on galax-

ies in different environments. The pioneering survey of 90 galaxies by Kennicutt

(1992), was primarily focussed on the characterisation of the spectroscopic properties

of nearby galaxies along the Hubble sequence, with the aim of forming a compre-

hensive dataset that could be used to interpret the spectra of high redshift systems.

Aiming to expand this work to include a larger number of galaxies in different en-

vironments, a spectroscopic survey of nearby galaxies in different environments was

carried out by Jansen & Kannappan (2001). Whilst the SDSS (York et al., 2000)

provides medium resolution optical spectroscopy for a large number of galaxies (cur-

rently >78000), the spatial coverage of the 3′′ aperture fibers is incomplete for nearby

galaxies, meaning the spectra are not representative of the overall optical emission
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Figure 4.1: The coverage of spectroscopic observations of late-type galaxies by G04
(blue histogram) compared to the total number of late-type galaxies (black solid line)
present in the entire HRS+ sample (left), in the Virgo cluster members (middle) and
outside the Virgo cluster (right). The total sample is displayed in the latter two plots
for ease of comparison (black dashed line).

from the galaxy. Integrated spectra obtained using the drift scan technique, whereby

the entire extent of the galaxy is observed, are required for deriving global properties

to study chemical evolution. For this reason, integrated optical spectrophotometry

for a sample of 417 nearby galaxies was obtained by Moustakas & Kennicutt (2006),

which is currently one of the few spectroscopic surveys with integrated spectra.

Recognising the lack of spectroscopic surveys of nearby clusters and inspired

by previous studies, Gavazzi et al. (2004, hereafter G04) initiated a project to spec-

troscopically characterise galaxies within the Virgo cluster using integrated spectra.

They observed 225 Virgo cluster members over a wavelength range of 3600 - 6800Å,

which includes the main emission lines at optical wavelengths, via drift-scan spec-

troscopy. From these observations, intensities and equivalent widths of prominent

optical emission lines are available. As Figure 2.3 shows, most of the Virgo galaxies

in the HRS+ sample have been observed spectroscopically as part of the G04 ob-

servations and so the sample representing the cluster environment can be considered

complete.

However, by using the G04 observations alone, a study of how spectroscopically-

derived properties vary in different environments is still not possible, since the G04

sample does not provide spectral data for galaxies residing outside of the Virgo clus-

ter and which are included in the HRS+ sample. In order to form a complete field

sample and increase the overall completeness of the HRS+ sample, drift scan spectra

of HRS+ field galaxies were obtained as part of an observing campaign lead by A.

Boselli during 2007 and 2008. By adopting the methods of G04, the Boselli data
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(hereafter referred to as B08) can be used to measure the emission line intensities

so that the two datasets may be combined to increase the spectral coverage of the

HRS+ sample.

This Chapter is structured as follows. In the next section, I introduce the

B08 observations. I describe my reduction of these observations into calibrated, one-

dimensional spectra in Section 4.3. The method for measuring the emission line fluxes

and the results of these measurements are treated in Section 4.4. Finally, Section 4.5

presents the conclusions of this work.

4.2 The B08 observations

Observations of 99 galaxies were taken using the 1.93m telescope at the Obser-

vatoire de Haute Provence (OHP) over 12 nights between 11th and 22nd April 2007

and over 6 nights between the 3rd and 8th March 2008. The observing campaign was

led by A. Boselli with some of the observations completed in service mode.

The CARELEC spectrograph (Lemaitre et al., 1990) was used during both

observing runs. This instrument is a spectrograph, with a slit length of 50 mm

that is fully covered by the 5.5 arcmin field of view of the telescope. A thin, back-

illuminated EEV CCD chip operates as the detector, consisting of 2048 x 1024 pixels

with dimensions of 13.5 µm. Using the 300 lines/mm grating provides a resolving

power, R, of 900 and a dispersion of 133 Å/mm, a wavelength range of 3400-7000 Å

was incident across the CCD in 2007 and a range of 3600-7200Å was covered in 2008.

The observations were taken in drift-scan mode, whereby the slit is placed

parallel to the major axis and drifts across the galaxy along the semi-major axis.

Due to the drift-scan method, the observations are marginally affected by the seeing,

which was typically 1.5′′ - 3.5′′. Whilst some observations were made through cirrus,

most were taken in transparent or photometric conditions. Six nights were recorded

as photometric in 2007 and two in 2008.

Calibration frames were typically taken at the beginning and end of each ob-

serving night. These consisted of around five bias frames, captured as zero second

exposures, calibration lamp frames of either argon or helium with ∼12 second ex-

posures, approximately five flat field frames each with 3 second exposures. Finally,

the standard star frames were obtained from observations of either Hz 44 or Feige

34 using 300 second and 480 second exposures respectively, and either of these were

imaged before and after the main science observations. The observations of galaxies

were typically made with 1200 - 1800 second exposures.

The galaxies targeted in the observing campaign were all selected from those
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objects in the HRS+ sample which had not been observed as part of the G04 sample.

The sample consisted predominantly of ‘field’ late-types together with a handful (6) of

Virgo cluster members, thus satisfying the aim of increasing the level of completeness

for the field and cluster environments. In total, 99 galaxies were successfully observed.

4.3 Data Reduction

In order to combine the G04 and B08 observations into a homogeneous dataset,

the B08 observations are reduced and calibrated with the same method as presented

in G04. The reduction of the observations from the raw, two-dimensional images

into calibrated, one-dimensional spectra is performed using standard tasks within the

IRAF package. The method follows six steps: correcting the science images for bias,

flat field and cosmic rays, calibration of the wavelength scale across the CCD, the

subtraction of the background, the extraction of one dimensional spectra, calibration

of the integrated flux of these one-dimensional spectra and finally blueshifting the

spectra to their rest frame wavelengths.

4.3.1 Noise subtraction

When an image or spectra is obtained, such observations are susceptible to

noise introduced by the instruments used to obtain the data. Noise is present in

the CCD electronics, variations of the sensitivity across the CCD, and nonuniform

illumination of the CCD due to the optical setup. Such instrumental effects have

to be removed to obtain a clean science image and a number of steps are completed

before this noise in the data can be reduced.

Bias frames

Bias current applied through the CCD has the effect that a non-zero count is recorded

in the pixels. The effect of the current is measured using bias frames, zero second

exposures of the CCD, which were taken during each night of observing. The re-

moval of bias noise is achieved by combining the median of several bias frames into

a single frame, called a master bias frame (see the top panel of Figure 4.2), and then

subtracting this frame from all the science images and the calibration images. The

IMCOMBINE and IMARIT tasks in IRAF are used for this step. Noise from the

dark current present in CCDs, due to thermal electrons, can be treated exactly as

the bias frames.
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Flat frames

The pixel array of the CCD is not illuminated uniformly. Also, the dependence of

quantum efficiency with wavelength causes a variation in sensitivity across the CCD

when obtaining spectra. Exposures of homogeneously illuminated areas, such as the

interior of the telescope dome or the twilight sky, can be used to correct for such

variations across the CCD. A master flat frame is produced using the median from a

combination of exposures of standard calibration lamps. The bias current is present

in the flat fields and is removed according to:

F latmaster = (F lat− Bias)/ < F lat−Bias > (4.1)

by once again using the IMARIT task to perform arithmetic operations on the images.

The second panel of Figure 4.2 shows an example master flat frame obtained from an

observing night in 2007.

Cosmic rays

Whilst cosmic rays in bias frames can be removed during the averaging process of

combining multiple exposures using a median filter, it is not always possible (mainly

due to observing time constraints) to take multiple (>3) exposures of science images.

I dealt with cosmic rays in two ways to ensure a clean image. The science frames

are cleaned of cosmic rays by first running the COSMICRAY package in IRAF to

remove point sources, then visually inspected to ensure that emission line features,

important for the work in Chapters 8 and 9, had not been affected by the package.

Remaining extended features are then manually removed by replacing the value of an

affected pixel with an average derived from an annulus around the pixel, using the

IMEDIT package. Visual inspection of the raw images can identify any bad pixels

on the CCD, which are masked from the science frames by replacing them with an

annuli-based average.

Following the creation of the master bias and master flat frames, and the

cleaning of cosmic rays from the science images, the final reduced image is created

according to

Science = (Science− Biasmaster)/F latmaster (4.2)

In Figure 4.2, the third and fourth panels depict a raw (uncorrected) observation of

a galaxy spectrum and the same spectrum corrected for bias, flat field effects and

cosmic rays, respectively. The next step is the wavelength calibration.
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Figure 4.2: Each panel displays different observations used at different stages of the
data reduction. First panel : The master bias frame. Second panel : The master flat
obtained by combining the bias-subtracted flat fields. Note the variation in the sensi-
tivity across the CCD, which should ideally be uniform. Third panel : Raw observation
of a spectrum of a galaxy. Fourth panel : Previous galaxy spectrum corrected for bias,
flat field effects and cosmic rays. Fifth panel : Previous panel following the subtraction
of the background sky emission to leave the flux from the galaxy.
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4.3.2 Wavelength calibration

Wavelength calibration involves assigning a wavelength scale to the pixels

along the axis of diffraction. To determine the wavelength scale, exposures of argon

and helium calibration lamps, obtained during each night of the observing run, are

used. An example image of a calibration lamp is displayed in Figure 4.3. The emis-

sion lines in the diffracted light of the calibration lamp occur at known wavelengths.

Therefore, identifying the spectral lines on the lamp image with the corresponding

known emission line features yielded the wavelengths of photons incident at each pixel

on the CCD. The wavelength scale determined from the lamp exposures is then ap-

plied to the science images and the accuracy of the calibration is tested using emission

features from the atmosphere, i.e. skylines, which occur in the science data at known

wavelengths. This process is described in detail below.

To start, exposures of different calibration lamps (argon and helium) taken

consecutively during the observing run can be combined into one calibration frame

using IMCOMBINE. Then, the known emission line features of the lamps are identi-

fied and a calibration solution was found using the IDENTIFY, REIDENTIFY and

FITCOOR tasks.

The IDENTIFY task is run to identify spectral features on one column of

pixels on the lamp image. The strongest emission features of the calibration lamp

on the CCD are identified and marked from a comparison with reference spectra1.

As many of the features as possible are identified with the corresponding reference

features across the entire image to assure a calibration solution applicable to the full

spatial extent of the images. Once the main features are marked, a solution for the

wavelength scale is fitted to the spectrum and any remaining features contained in

the reference file are then identified by the task. Ambiguous features, which may be

identified by the software but are actually of an uncertain nature, are excluded from

the calibration. Approximately 15-20 spectral features with an assigned wavelength

are required to produce the wavelength calibration solution. The results of the so-

lution are visually inspected by comparing how the solution wavelengths match the

marked wavelength values. I reject any major outliers (with residuals greater than 1

Å). Once the wavelength scale for one column has been accurately determined, the

REIDENTIFY task is used to apply this solution to the rest of the pixel columns

across the image.

1Reference calibration lamp images are available from http://www.obs-
hp.fr/guide/carelec/carelec-eng.shtml
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Figure 4.3: An example exposure of an argon calibration lamp used to calibrate the
wavelength scale of the science images.

This procedure generates the calibration between the pixel scale and the wave-

length scale. The FITCOORD routine then transforms the wavelength solutions

across the image into a coordinate matrix that can be applied to the science images.

If the first and last wavelength values applied to the pixels along the spatial axis

are found to disagree, this indicates that a distortion in the coordinate matrix is

present. These distortions are difficult to correct for and rely entirely on the accuracy

of the previous steps. When the distortions are significant (over several Å) then the

IDENTIFY task is rerun to attempt a better fit.

I then apply the calibration to the science frames with TRANSFORM. On

initial inspection, it is found that sometimes systematic offsets are introduced into

the final calibration. These offsets arise due to small variations in the optical setup

occuring as the telescope moves into different pointing positions during the course of

the night, which means light of a particular wavelength may be incident on the CCD

at a slightly offset position compared to that from the calibration lamp image taken

at the start of the night. These offsets are expected and are easily corrected. The

accuracy of the calibration is tested by measuring the wavelengths of sky emission

lines present in the data, since the emission lines from the atmosphere occur at known

restframe wavelengths. The prominent sky emission line features in the observations

arise from mercury in streetlights emitting the lines Hgi λλ4046,4358,5461, and from

oxygen airglow in the atmosphere producing the [Oi] λλ5577,6300 lines. These known

wavelengths were compared to the (calibrated) wavelengths of the emission lines in

the science images.
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Figure 4.4: Plotting the residual wavelength from a comparison of the expected wave-
length with the observed wavelength, λexpt−λobs, of five prominent sky emission lines
demonstrates the corrections necessary to remove both systematic offsets (left panel)
as well as wavelength-dependent offsets (middle panel). In each of these panels, the
observations and wavelength are shown before (red crosses and line) and after (blue
circles and line) the wavelength solution is manually corrected. The dispersion in the
distribution of the mean residual wavelengths per galaxy (right panel) after the manual
corrections are applied (solid blue line) is smaller compared to the original dispersion
(dashed red line).

The observed wavelengths of the sky emission lines are measured within the

SPLOT task and compared with the expected values. I confirm the systematic offsets

in the wavelength calibrations, which are typically between 0.5 and 2.5 Å, and also find

that some calibrations introduce an offset that vary across the image. The wavelength

scale applied to the science images follows a linear y = mx + c relationship, where c

is the wavelength of the first pixel and m is the wavelength increment size. Thus, I

correct any offset in the relationship between the observed and the expected values by

manually adjusting the m and c values, to produce a more accurate wavelength scale.

The effects of these adjustments on the applied wavelength scale, for two individual

galaxies and the total sample of galaxies, are presented in Figure 4.4. The plots

of the residual wavelengths, i.e. a comparison of the expected wavelength with the

observed wavelength, λexpt − λobs, for each of the five prominent sky emission lines,

demonstrate the necessity of the corrections to remove both systematic offsets as well

as wavelength-dependent offsets. The removal of these offsets, where possible, reduces

the dispersion, σ, in the distribution of the mean residual wavelengths for each galaxy,

δ, which is clearly evident in the comparison between the corrected and uncorrected

mean residual wavelength distributions, as presented in the right panel of Figure 4.4.

The dispersions are hence reduced from σ = 1.1 Å to σ = 0.6 Å.

To summarise the last point, the calibration of the wavelength scale is suf-

ficiently accurate for the production of reliable galaxy spectra and the subsequent
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identification and measurement of the emission line properties, which forms the main

aim of this chapter. The next step is to subtract the background sky emission from

the science images.

4.3.3 Background subtraction

The next task is to subtract the background sky emission, including the sky

emission lines that prove so useful for the wavelength calibration. The background is

subtracted using the BACKGROUND task. The task first displays the cross-sectional

profile of the emission at a specified wavelength, corresponding to a particular column

of the image. The background apertures are selected from this cross-sectional profile.

For standard stars, any column can be used, as the flux along the spectra is usually

strong and continuous. However, for galaxies, where the emission is extended and

may be fainter in some places along the spatial and wavelength axes, a column is

used which contains a strong emission feature across the extent of the galaxy. In

the case of this sample of galaxies, Hα λ6563 is most often chosen for determining

the extent of the source and indicate the regions of background emission. For each

column in the image, a cublic spline function is fitted to the lines specified as the

background region. This function is then subtracted across the image. The bottom

panel of Figure 4.2 shows the effect of subtracting the background sky emission from

the images, and comparing the middle and bottom panels clearly demonstrates that

the task removes most of the sky emission lines across the image. However, as in the

case of the example in Figure 4.2, some residual features of the sky emission lines

remain in a large fraction of the images. These are noted and manually removed.

4.3.4 Extraction of 1D spectra

The subtraction of the background is the last step to be performed on the two

dimensional images, as the next step is the integration of the flux at each wavelength

across each image to form one dimensional spectra. The integration is carried out

with the APSUM task. The source aperture is selected in a similar manner to the

background, as described previously, and the flux within the source aperture of each

column is then integrated at each wavelength, producing spectra of counts versus

wavelength.
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4.3.5 Flux calibration

The flux calibration to transform the measured intensities into flux densities is

performed by the STANDARD, SENSFUNC and CALIBRATE tasks. The standard

star frames, taken of Feige 34 and Hz 44 on each observing night, are used to deter-

mine the sensitivity function of the detector. The STANDARD task integrates the

standard star observations over calibration bandpasses and the measurements are cor-

rected for extinction using the reference extinction data in IRAF. The observational

measurements from these bandpasses are then compared with the standard reference

observations to determine the system sensitivity as a function of wavelength. The

calibration factor used to convert from the measured intensities into flux densities at

each wavelength is determined with SENSFUNC according to

C(δλ) = 2.5 log
fobs

texp δλ fstar
+ aE (4.3)

where fobs is the observed counts in a bandpass, δλ, of an observation, texp is the

exposure time of the observation, fstar is the flux per Ångstrom at the bandpass for

the standard star, a is the airmass of the observation, and E is the extinction at the

bandpass. Therefore, the calibration factor is in magnitude units derived from the

ratio of two fluxes: the observed flux measured in counts s−1 Å−1 and the reference

standard star flux given in units of ergs cm−2 s−1 Å−1. Cubic spline functions are

fitted to the calibration points. The polynomial fits typically produce the best results

using orders between the 15th and 25th order, although the orders are kept as small

as possible to avoid introducing spurious features in the data.

The sensitivity functions produced by SENSFUNC, based on observations of

the Feige 34 or Hz44 standard stars during each observing night, are presented in

Figure 4.5. At wavelengths longer than 4000 Å, it is clear that the overall shape of

the sensitivity function remains consistent between each observing night. Although

the sensitivity curves do vary slightly across the entire wavelength range, these vari-

ations are caused by periods of variable transparency and are the results of taking

observations through thin clouds. However, not all of the sensistivity functions are

in agreement at wavelengths shorter than 3700 Å. The majority of the functions see

a drop in sensitivity approaching the edge of the images, which is to be expected

from a quick visual inspection of the CCD images in Figure 4.2, where noise levels

increase significantly at one edge of the observations. However, four of the functions

possess a strong ‘bump’ in the system sensitivity centered around 3500 Å. This bump

is present due to the presence of a filter, probably mistakenly included in the optical

setup during observations taken during service mode. The inset panel of Figure 4.5
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Figure 4.5: The 2007 and 2008 sensitivity functions are shown in the left and right
diagrams respectively. Main panels: Sensitivity normalised at λ5500 as a function
of wavelength across the detector on each observing night (black lines). Inset pan-

els: Magnified view of the 3300-4300 Å wavelength range, highlighting the anomalous
functions occurring during the 2007 observations.

magnifies this wavelength region to examine the shape of the sensitivity functions

in greater detail. The four functions that display this ‘bump’ occur in observations

from two nights during the 2007 observations. The ultimate goal of all this work on

spectroscopic data reduction is the measurement of emission line intensities to study

the metal content and chemical evolution of galaxies, which, as I describe in Chapter

8, requires accurate measurements of the [Oii] λ3727 emission line. The intensity

of this emission line may be significantly affected by a calibration based on a sensi-

tivity function containing the ‘bump’ feature. Thus, to avoid the contamination of

the dataset, observations taken during the affected nights of the 2007 observations

(consisting of four galaxies) are excluded from further data reduction.

Figure 4.6 shows a comparison between the sensitivity functions from the two

standard star images taken at the start and end of each observing night, except for

the two nights where the filter was present. The typical variations of the sensitivity

are always ∼ 0.01 mag, corresponding to an error in the calibrated flux of 1% .

The CALIBRATE task uses these sensitivity functions to convert the observed

intensities at each wavelength in each spectra into flux densities, i.e. with units

of erg s−1 cm−2 Å−1, corrected for atmospheric extinction. When applying a flux

calibration, CALIBRATE divides the spectra by the sensitivity function produced by

the SENSFUNC task. At each wavelength, the measured intensities are converted
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Figure 4.6: The residual sensitivities obtained by subtracting the two standard star
observations made during each observing night (black lines) for the 2007 (upper panel)
and 2008 (lower panel) observing runs.

according to

fcal = fobs10
−0.4 C(δλ) (4.4)

where fcal is the new calibrated flux, fobs is the observed flux and C(δλ) is the value

from the sensitivity spectrum at a particular wavelength. This marks the final step in

calibrating the flux scale of the observations. Figure 4.7 shows an example spectrum

before and after the flux calibration.

4.3.6 Redshift correction

Finally, each spectra is shifted to the rest frame wavelength. Two template

spectra are chosen to represent absorption-line objects or emission-line objects, and

these templates are shifted to their rest frame wavelength. The FXCOR task cross-

correlates the template spectrum to the remaining spectra of each object type, thus

determining the relative shift for each spectra. This shift is then applied with DOP-

COR. Figure 4.8 compares the redshifts obtained from the B08 observations with the

redshift values presented in NED and, with the exception of a few obvious outliers,

there is strong agreement between the two values. The offset of the results (δ̄ = 17

km s−1) is much smaller than the average scatter (σ = 67 km s−1).

The final spectra, normalised to their mean intensity between 5400-5600 Å,
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Figure 4.7: The spectrum of NGC 4561 before (upper panel) and after (lower panel)
the flux calibration. The underlying shape of the sensitivity function across the CCD
is removed.

are presented in Appendix B.

4.4 Emission line flux measurements

I measure the emission lines of each spectra by visually inspecting them using

SPLOT, and obtain a measurement of the relative flux for the detected emission

lines. The emission lines which are necessary for the analysis in Chapter 8, by order

of wavelength, are [Oii] λ3727, Hβ λ4861, [Oiii] λλ4958,5007, [Nii] λλ6548,6584, and

Hα λ6563, but the Hδ λ4101, Hγ λ 4340 and [Sii] λλ6717,6731 are also measured if

detected.

The Hβ line often displays underlying stellar absorption which must be cor-

rected for, otherwise the measured flux of the emission line is underestimated. The Hβ

absorption feature is deblended from the emission line using SPLOT. To be conserva-

tive, no mean additive correction is applied to those lines where underlying absorption

is not detected. The measurement of the Hα plus [Nii] lines also required slightly

more attention, since the lines tend to overlap at the continuum. Hence, the Hα plus

[Nii] lines are all measured by simultaneously fitting gaussian profiles to each line in

the triplet using the same baseline fit to the continuum.

The intensities I measured were verified by being independently measured.

The scatter between the two sets of independent results are minimal (<10%) with

no significant systematic offsets, as evident in Figure 4.9. The largest scatter is in
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Figure 4.8: A comparison of redshifts determined from the Fourier cross-correlation
between two spectra using FXCOR and redshift values taken from NED. The 1:1 line
(red line) denotes where the redshifts would lie if the measurements agree. The scatter,
σ, is the standard deviation of the residuals between the two plotted calibrations, δ =
vNED - vobs.

the measurement of the Hβ lines. These lines are more difficult to measure because

estimating the baseline continuum is made non-trivial due to underlying stellar ab-

sorption.

The emission line intensities are corrected for internal extinction using the

Balmer decrement. With the Hβ line corrected for underlying absorption, the Balmer

decrement is given by

C1 =

[

log

(

Hα

Hβ

)

theor

− log

(

Hα

Hβ

)

obs

]

/[f(Hα)− f(Hβ)] (4.5)

where log (Hα/Hβ)theor is the theoretically expected ratio between Hα and Hβ,

log (Hα/Hβ)obs is the observed value and [f(Hα) - f(Hβ)] is the reddening function

relative to Hβ. The theoretical ratio depends on the electron density and the gas

temperature. Assuming that T = 10000 K and n = 100 e/cm3 (case B from Osterbrock

1989), which are values typical of Hii regions, then (Hα/Hβ)theor = 2.86. Combining

this result with the reddening function f(λ) of Lequeux et al. (1979), which is based

on the extinction law of Whitford (1958) and is presented in Table 4.1, the measured
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line fluxes are corrected for internal extinction according to

log

(

λ

Hβ

)

corr

= log

(

λ

Hβ

)

obs

+ C1 × [f(λ)− f(Hβ)] (4.6)

In those galaxies where Hβ is undetected, I do not derive an upper limit to C1 based

on the Hα equivalent width, as in G04, since the estimates are very uncertain and

are not useful for the analysis in the following work (see Chapter 8). As such, my

results are based only on those lines which have been detected and measured. These

corrections are applied to the emission line intensities of the rest frame, normalized

spectra for 95 galaxies and the results are presented in Table C.1.

Feature λ (Å) f(λ) - f(Hβ)

[Oii] 3727 0.31

Hδ 4101 0.20

Hγ 4340 0.13

Hβ 4861 0

[Oiii] 4958 -0.02

[Oiii] 5007 -0.03

[Nii] 6548 -0.33

Hα 6563 -0.33

[Nii] 6584 -0.34

[Sii] 6717 -0.37

[Sii] 6731 -0.37

Table 4.1: The reddening function f(λ) of Lequeux et al. (1979), which is based on the
extinction law of Whitford (1958), adopted for the extinction corrections relative to
Hβ.
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Figure 4.9: A comparison of the emission line fluxes as determined from two indepen-
dent sets of measurements (where T denotes the measurements of the author and L
denotes the measurements of L. Cortese). The 1:1 line (red line) denotes where the flux
values would lie if the measurements agree, emphasizing that overall the measurements
are consistent. The scatter, σ, is the standard deviation of the residuals between the
two plotted calibrations, δ = L - T.
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Figure 4.10: The coverage of spectroscopic observations of galaxies available in G04
(blue histogram) and with the newly reduced spectra included (red histogram) com-
pared to the total number of galaxies (black solid line). The completeness is shown for
galaxies in the whole HRS+ sample (left), the Virgo cluster (middle) and outside the
Virgo cluster (right). The total sample is displayed in the latter two plots for ease of
comparison (black dashed line).

4.5 Conclusions

Spectral observations of 95 objects were reduced and calibrated using the same

methods as G04, such that the optical emission line measurements from the G04 and

B08 observations form a homogeneous dataset when combined. With the inclusion of

the B08 observations, a greater fraction (64%) of the HRS+ galaxies residing outside

of the Virgo cluster have measured emission line intensities, thus the field subsample

can be considered as complete. In addition, Figure 4.10 demonstrates how the work

presented in this chapter increases the spectral coverage of the Virgo cluster and

consequently increases the coverage of the total HRS+ sample.

By using the combined G04 and B08 observations, studying the variation

of spectroscopically-derived properties across different environments is now possible,

since the Virgo cluster and non-Virgo, ‘field’ subsamples are complete. In Chapters

8 and 9, these results are used to estimate global oxygen abundances of galaxies and

hence study the effect of environment on the chemical evolution of galaxies.

The dataset for the HRS+ sample is now statistically complete for both ultra-

violet imaging and optical spectroscopy, meaning that the aims of this thesis may now

be addressed. I shall proceed by focussing on the first aim, and attempt to uncover

the mechanism quenching star formation in the nearby galaxy population.


