Chapter 8
Measuring Metallicity

8.1

Introduction
The chemical composition of galaxies provides a crucial insight into the pro-

cesses governing galaxy evolution. There are still many open questions about the
internal processes that drive chemical evolution and the importance of the role of the
environment in shaping the evolution of galaxies. As galaxies evolve, star formation
converts gas into stars, which in turn produce the heavy elements via nucleosynthesis.
These metals are then expelled into the surrounding medium during the later stages
of stellar evolution, thus enriching gas that may become fuel for future star formation episodes. Therefore the abundance of heavier elements present in a galaxy, the
metallicity, provides an important indicator of the evolutionary history of a galaxy.
Accurate metallicity measurements are necessary to reliably constrain the current
models of chemical evolution.
There are a number of methods for estimating the metal content of a galaxy.
Stellar photospheric absorption lines (e.g. Mehlert et al., 2002) and interstellar absorption features (e.g. Savaglio et al., 2004) have both been used as indicators of the
stellar metallicity, whereas the emission lines of gaseous nebulae are used to estimate
the abundance of the interstellar gas. In this chapter, I shall focus on obtaining gas
phase abundances via the emission lines of gaseous nebulae. Throughout this work, I
adopt the oxygen abundance as a tracer of the overall gas phase metallicity and use
the two terms interchangeably.
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Determining the metallicity
Common methods of measuring the metal content of the gas in a galaxy rely

on optical emission line ratios. The aim of this section is to provide an introduction
to the background physics involved in the production of emission lines and describe
how observations of gaseous nebulae can be used to determine the metallicity from
these lines.
Gaseous nebulae are optically visible clouds of gas present in our Galaxy and
in other galaxies. As gas collapses to form stars, these new stars emit ultraviolet
photons capable of ionising surrounding gas left over from the star formation process.
This heated gas emits photons that ultimately yield information about the properties
of the interstellar medium in galaxies.
The chemical composition of a galaxy may be obtained from the spectrum of
emitted photons. The spectra of nebulae are dominated by emission lines across the
electromagnetic spectrum; they include the permitted Balmer, Lyman and Paschen
lines of hydrogen, e.g. Hα λ6563 , Hβ λ4861 and Hγ λ4340, and helium, the optical forbidden lines of ions of common elements, including [Oii] λλ3726,3729, [Oiii]
λλ4959,5007, [Nii] λλ6548,6584, [Sii] λλ6717,6731 and [Siii] λλ9069,9523, and the
strong infrared and ultraviolet lines of [Neii] λ12.8 µm and [Mgii] λλ2796,2803. Numerous other weaker emission lines are also present. The continuum emission is often
weak and consists of an atomic component, arising from the Paschen and Balmer
continuum of Hi, and a reflective continuum, which is starlight scattered by dust.
The emission from the nebulae is powered by ultraviolet radiation from hot
stars (T∗ >3 x 104 K). Ultraviolet photons heat the gas predominantly by photoionization of hydrogen. During photoionization, photons with energies greater than the
ionization potential of hydrogen are absorbed and any additional energy from the photon becomes kinetic energy of an emitted photoelectron. The photoelectrons quickly
become thermalized following collisions with other electrons and ions, with velocities
in a Maxwellian distribution and temperatures between 5000 and 20000 K in a typical nebula. These thermal electrons take part in atomic processes which lead to the
generation of the emission line spectra.
The permitted lines arise from the recapture of thermal electrons by ions.
These recaptures produce excited atoms, which subsequently decay to the ground
state by emitting photons. Famous examples of this process are the Balmer and
Paschen lines in the Hi spectrum, from photons emitted by H0 following the recombination of H+ . For heavier elements, the lower energy levels of ions become excited
by collisional excitation. Since collisional de-excitation is not probable due to the low
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densities of typical nebulae (ne < 104 cm−3 ), downward transitions from the excited
levels via photon emission become the main mechanism for returning the ion to lower
energy levels. Therefore, forbidden lines (or, more appropriately, collisionally excited
lines) are also observed in the spectra of nebulae.
The emission lines arise from these different atomic processes within the gas
cloud. The intensity of the emission lines are all dependent on the electron temperature, Te , density, ne , and chemical composition of the nebula and hence observations
of the emission lines yield important information regarding the state of the ionized
gas. Knowledge of the temperature and density of the electrons can be gained by measuring the relative intensities of particular pairs of emission lines. This information
is crucial for obtaining metallicity estimates.
The electron temperature, Te , can be determined from the ratio of intensities
of lines emitted from a single ion from two levels with different excitation energies.
The best example of this is the [Oiii] ion, of which the [Oiii] λ4363 line originates from
a different energy level compared to the [Oiii] λλ4959,5007 lines, and these different
levels have different excitation energies that depend very strongly on Te . Under the
assumptions that the nebulae are optically thin to the forbidden line radiation, for
the example of the [Oiii] ion it can be shown that
7.9 exp(3.29 × 104 /Te )
jλ4959 + jλ5007
=
1/2
jλ4363
1 + 4.5 × 10−4 ne /Te

(8.1)

where jλ are the emission coefficients and the numerical factors arise from the ratios of
the collision strengths and transition probabilities corresponding to the energy levels
responsible for the photon emission (Osterbrock, 1989). If the typical electron density
is ∼ 1 cm−3 , then it is clear that this intensity ratio is strongly dependent on the
temperature. Typical temperatures of Hii regions lie in the range of 7000-14000 K
and 10000 K is usually adopted as an estimate.
In a similar manner to temperature measurements, the electron density, ne , can
be determined from the ratio of intensities of lines emitted from a single ion from two
levels with similar energies but varying radiative transition probabilities. The [Oii]
λλ3726,3729 or [Sii] λλ6717,6731 lines can be used for measuring the electron density,
since the two levels involved in each line for each ion have different radiative transition
probabilities that mean the relative populations of the levels depend strongly on the
density.
Once the temperature and density are known, the abundance ratio between
two ions can be determined from the relative intensity between the measured lines,
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e.g.
[OIII]λ5007/Hβ
O ++
=
H+
j[OIII] (Te , n)/jHβ (Te )

(8.2)

where j[OIII](Te , n) is the emission coefficient (Stasińska, 2002).
However, this method of measuring abundances, referred to in the literature
as the ‘direct’ or ‘Te ’ method, is not easy. The [Oiii] λ4363 line is often either
undetected or extremely weak. Successful measurements of the line intensity require
long integration times, making large surveys unfeasible and so accurate temperature
measurements are unavilable. In addition, the [Oii] and [Sii] lines are sometimes
unresolved, impeding the determination of the density.
Faced with these observational challenges, other methods were developed for
determining the metallicity using statistical or ‘strong line’ methods and theoretical
models. The strong line methods rely on empirical relationships between different
optical emission line ratios and metallicities determined via the Te method, based
on observations of large samples of Hii regions. Pagel et al. (1979) first proposed
the use of strong nebular lines from O and H to indicate the oxygen abundance for
giant extragalactic Hii regions, via the ratio O23 = ([Oii]λ3727 + [Oiii]λ5007)/Hβ.
Since then, many more calibration methods have been introduced to gain reliable
estimates of metallicities based on different suites of emission lines (e.g., Pilyugin,
2001, hereafter P01; Pettini & Pagel, 2004, PP04; Pilyugin & Thuan, 2005, P05). For
example, PO1 and later P05 developed calibrations for similar ratios of ([Oii]λ3727 +
[Oiii]λ4959 + [Oiii]λ5007)/Hβ, the R23 method, whereas the Denicoló et al. (2002,
hereafter D02) and PP04 calibrations rely on the [Nii]λ6584/Hα ratio.
The difficulty of observationally determining Te also lead to the developement
of theoretical calibrations (e.g., Zaritsky et al., 1994, Z94; Kewley & Dopita, 2002,
KD02; Kobulnicky & Kewley, 2004, KK04). Photoionization models of nebula, (e.g.
Cloudy; Ferland et al., 1998), are combined with stellar population synthesis models (e.g. Starburst99; Leitherer et al., 1999), to calculate the thermal equillibrium
which arises from the ionizing radiation field emitted by a stellar population, allowing for theoretical emission line ratios to be predicted from varying input metallicities, temperatures and densities. Theoretical calibrations between different emission
line ratios and the metallicities are then possible, such as the calibration of R23 by
McGaugh (1991, hereafter M91). Another approach is to simultaneously fit all the
strong emission lines and use theoretical models to generate a probability distribution
of metallicities and statistically estimate abundances (Tremonti et al., 2004, hereafter
T04).
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Figure 8.1: Prominent emission line features in the optical spectrum of NGC 4747,
including the Hi recombination lines and forbidden lines arising from O, N and S.

These calibrations can then be applied to galaxy spectra. The nebulae emission lines from Hii star-forming regions throughout a galaxy are observed in the
integrated spectrum of the galaxy, as in the example shown in Figure 8.1 (see also
the spectra presented in Appendix B). Thus, using the previously discussed methods
for determining element abundances from emission line ratios, we can determine the
average global abundances for a galaxy and infer the degree of chemical enrichment.
Whilst a complete review of the empirical and theoretical calibrations is presented in
Stasińska (2002), the following section focusses on the specific calibration methods
used for deriving metallicity estimates in this work.

8.3

Calibration methods

As previously mentioned, the calibrations between the emission line ratios and
the oxygen abundances are either derived empirically, based on theoretical results
from photoionization models, or utilise combinations of theory and observation.
In order to compare the metallicity estimates given by the different metallicity
indicators and hence determine the best calibration, I use six calibrations derived
from empirical observations and theoretical models. The methods of PP04 and P05
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Method

Emission Lines

Class

Limits

M91

R23 , [Oiii]/[Oii]

Theoretical

7.1 < 12+log(O/H)< 9

Z94

R23

Theoretical

12+log(O/H)upper >8.4

D02

[Nii]/Hα

Combined

7.2 < 12+log(O/H)< 9.1

PP04 N2

[Nii]/Hα

Empirical

7.17 < 12+log(O/H)< 8.87

[Nii]/Hα, [Oiii]/Hβ

Empirical

8.12 < 12+log(O/H)< 9.05

R23 , [Oiii]/[Oii]

Empirical

8.25 < 12+log(O/H)upper < 8.8

PP04 O3N2
P05

7.2 < 12+log(O/H)lower < 8.00
Table 8.1: A summary of the different calibrations used to estimate the gas-phase
metallicity.

are empirical estimates of the oxygen abundances calibrated from observations of
Hii regions. The calibrations of M91 and Z94 are theoretical methods. Finally, the
calibration presented in D02 is based on a combination of empirical and theoretical
metallicities.
The following sections describe the underlying emission line ratios used to
obtain oxygen abundances and introduce the calibration relations obtained in the
various studies. These relations are important since they will be used to estimate the
mean oxygen abundances of the HRS+ galaxies. Table 8.1 provides a summary of
the different calibrations, the emission lines used for each calibration and the limits
of validity of the relations.

8.3.1

The R23 ratio

The R23 intensity ratio was first formulated in the studies of Pagel et al. (1979)
and Pagel et al. (1980), but has been used and recalibrated in many other studies
(see Kobulnicky et al., 1999 for a review). It is defined as
R23 ≡ log



[OII]λ3727 + [OIII]λ4959 + [OIII]λ5007
Hβ



≡X

(8.3)

However, in addition to being sensitive to metallicity, the R23 ratio is also sensitive
to the ionization state of the gas or the ‘ionization parameter’, which is defined
as the ratio of the ionizing photon flux passing through a unit area and the local
number density of hydrogen atoms. The sensitivity to the ionization parameter may
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be corrected using the O32 ratio, given by
O32 ≡ log



[OIII]λ4959 + [OIII]λ5007
[OII]λ3727



≡Y

(8.4)

One disadvantage of the R23 ratio is that it can correspond to two values of
oxygen abundance. Most values of R23 yield both a low metallicity estimate (referred
to as the ‘lower branch’) and a high metallicity estimate (or the ‘upper branch’). This
method therefore requires additional emission line measurements in order to break
the degeneracy between the upper and lower branches. The [Nii]λ6584/Hα and [Nii]
λ6584/[Oii] λ3727 ratios may be used to discriminate between the two branches,
although it was recently shown by Kewley & Ellison (2008, hereafter KE08) that the
latter ratio produces a clearer distinction between the branches of the R23 method
and so is more reliable for breaking the degeneracy and estimating whether the value
is an upper or lower estimate (see Figure 8.2). KE08 report that the break between
the upper and lower branches occurs at log([Nii]/[Oii]) ∼ −1.2, corresponding to a
metallicity of 12+log(O/H)∼ 8.4. I adopt this value to divide the two branches.
Three of the six calibrations I use in this study are based on the R23 ratio

taken from the works of M91, Z94 and P05. The X and Y notation in Equations 8.3
and 8.4 is used to simplify the calibration relations given for these studies.
M91 (McGaugh, 1991)
The M91 calibration of R23 is a theoretical method based on Hii region models using
the photoionization code Cloudy (Ferland et al., 1998). The calibration includes
the correction for ionization parameter variations using the O32 ratio and the R23
degeneracy is broken using the [Nii]/[Oii] line ratio. The oxygen abundances for the
upper and lower branches, as presented in Kobulnicky & Zaritsky (1999), are
12 + log(O/H)upper = 9.061 − 0.2X − 0.237X 2 − 0.305X 3 − 0.0283X 4

−Y (0.0047 − 0.0221X − 0.102X 2 − 0.0817X 3 − 0.00717X 4)

12 + log(O/H)lower = 7.056 + 0.767X + 0.602X 2
−Y (0.29 + 0.332X − 0.331X 2)
This method is accurate to ∼0.15 dex.

(8.5)
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Figure 8.2: The observed and theoretical relationships between the R23 ratio and the
[Nii] λ6584/[Oii] λ3727 (left diagram) and [Nii]λ6584/Hα (right diagram) ratios. Top
panels: The observed relationships using the samples from KE08 (black circles), Kong
& Cheng (2002, blue circles) and Brown et al. (2006, red circles). The division between
the upper and lower branches is shown for log([Nii]/[Oii]) ∼ −1.2 (dashed black line),
where the R23 reaches a maximum. However, [Nii]/Hα cannot discriminate between
the two branches over the range of −1.3 < log([Nii]/Hα< −1.1 (dashed black lines),
making the [Nii]/[Oii] the preferred ratio for breaking the R23 degeneracy. Bottom
panels: Theoretical relationships based on the stellar population synthesis and photoionization model grids of KD02, for constant metallicities and ionisation parameters.
This figure was taken from Figures 8 and 9 in KE08.

Z94 (Zaritsky et al., 1994)
The Z94 calibration was derived from the average of three calibrations: Edmunds &
Pagel (1984), Dopita & Evans (1986) and McCall et al. (1985). The Z94 calibration
is only valid for the upper R23 branch and does not use the O32 ratio to account for
the sensitivity to the ionization parameter. The Z94 calibration is
12 + log(O/H)upper = 9.265 − 0.33X − 0.202X 2 − 0.207X 3 − 0.333X 4 (8.6)
and is only valid for the upper R23 branch. The uncertainty in this method is 0.1
dex, given by the difference in the metallicity estimates of the three calibrations.
P05 (Pilyugin & Thuan, 2005)
The P05 calibration is based on the relationship between R23 and Te metallicities
using spectra of 700 Hii regions for which the [Oiii] λ4363 line is detected. The
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upper R23 branch calibration is valid for 12+log(O/H)> 8.25 whilst the lower branch
is valid for 12+log(O/H)< 8.0. I use the [Nii]/[Oii] line ratio to discriminate between
the upper and lower branches, which are
12 + log(O/H)upper

R23 + 726.1 + 842.2P + 337.5P 2
=
85.96 + 82.76P + 43.98P 2 + 1.793R23

12 + log(O/H)lower =

R23 + 106.4 + 106.8P − 3.4P 2
17.72 + 6.6P + 6.95P 2 − 0.302R23

(8.7)

where P = [([Oiii]λ4959 + [Oiii]λ5007)/Hβ]/R23 . The uncertainty in the P05 calibration is estimated to be 0.1 dex.

8.3.2

The [Nii]/Hα ratio
The [Nii]λ6584/Hα (N2) ratio may not be the best line ratio for breaking the

R23 degeneracy, but it is a reliable estimator of the oxygen abundance over a wide dynamical range. The ratio was first proposed as a calibrator by Storchi-Bergmann et al.
(1994), who showed that the N2 ratio correlates with abundance over the range 8.3
< 12+log(O/H)< 9.2. Further studies have since recalibrated the ratio and extended
the validity range to include lower metallicity systems, e.g. 7.8 < 12+log(O/H)< 8.6
(Raimann et al., 2000), and I use the more recent N2 calibrations provided by D02
and PP04.
D02 (Denicoló et al., 2002)
The D02 calibration was determined from the relationship between the Te metallicities and the [Nii]/Hα line ratio for ∼ 155 Hii regions, of which approximately 100
regions have metallicities derived via the Te method and 55 regions have metallicities
estimated from either the M91 R23 method or the empirical method of Dı́az & PérezMontero (2000). An oxygen abundance of 12+log(O/H)∼ 8.4 divides Te -based and
the strong-line-based metallicity estimates which were used for calibrate the ratio.
The D02 calibration is given by
12 + log(O/H)upper = 9.12 + 0.73 × N2

(8.8)

where in this case N2 = log([Nii]λ6584/Hα). The estimated uncertainty in this
calibration is 0.2 dex.
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PP04 N2 (Pettini & Pagel, 2004)
The PP04 N2 calibration was determined from Te -based metallicities for a sample of
137 Hii regions. The N2 calibration has a validity range of 7.17 < 12+log(O/H)<
8.87 and is given by
12 + log(O/H)N 2 = 9.37 + 2.03 × N2 + 1.26 × N22 + 0.32 × N23

(8.9)

where N2 is the logarithm of the ratio. The error on this calibration is estimated to
be 0.18 dex.

8.3.3

The [Oiii]/[Nii] ratio

The O3N2 ratio, defined as O3N2 ≡ log[([Oiii]λ5007/Hβ)/([Nii]λ6584/Hα)],
was first investigated as a potential metallicity estimator by Alloin et al. (1979), as it
was shown that comparing the N2 calibrator with the [OIII]/Hβratio could improve
the accuracy of the metallicity estimation. I use the recent recalibration of the O3N2
relation presented in PP04.
PP04 O3N2 (Pettini & Pagel, 2004)
The PP04 [Oiii]/[Nii] ratio (hereafter PP04 O3N2) was calibrated using Te -based
metallicities for a sample of 137 Hii regions. The O3N2 calibration is only valid for values of -1 < O3N2 < 1.9, corresponding to a metallicity range of 8.12 < 12+log(O/H)<
9.05. The relation is given by
12 + log(O/H)O3N 2 = 8.73 − 0.32 × O3N2

(8.10)

PP04 estimate the error on this calibration to be 0.14 dex.

8.4

Discrepancies between calibrations
Obtaining reliable methods for measuring the metallicity of a galaxy is still a

focus of current efforts in research, since large discrepancies exist in the metallicities
obtained from different calibrations. Liang et al. (2006) compared the metallicity
calibrations from four different methods applied to ∼ 40000 galaxies selected from
the SDSS (York et al., 2000), and observed discrepancies as large as 0.6 dex between
observational estimates and the results from photoionization models. Yin et al. (2007)
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Figure 8.3: The large discrepancies in the overall shape of M-Z relations derived
from different metallicity calibrations (adapted from Figure 2 of KE08 and references
therein).

also found a discrepancy of 0.6 dex when comparing the empirical calibration of P01
to the theoretical results of T04.
The problem is important for understanding the formation and evolution of
galaxies. Hierarchical galaxy formation models within the ΛCDM framework which
incorporate chemical evolution models are able to predict the evolution of the stellar
mass-metallicity (hereafter M-Z) relation (see e.g. De Lucia et al., 2004; de Rossi
et al., 2007; Davé & Oppenheimer, 2007). Reliable observations are required in order
to accurately constrain the shape of the M-Z relation, and thus constrain current
theories of both the formation of galaxies and their subsequent chemical evolution.
For example, many open questions still remain regarding the chemical evolution of
a galaxy, and it is still not clear whether internal processes or environmental effects
govern the M-Z relation (see Chapter 9 for further discussion). Advancements in
the capabilities of telescopes and spectrographs allow for the observation of the M-Z
relation out to higher redshifts (e.g. Kobulnicky & Zaritsky, 1999; Erb et al., 2006;
Liang et al., 2006; Mouhcine et al., 2006). However, the discrepancies between metallicities from different calibrations mean the M-Z relations derived from observations
of galaxies at earlier epochs may not be accurate. The discrepancies between the
calibrations need to be first understood, so that the observed M-Z relations at higher
redshifts may accurately constrain the models.
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Motivated by the need for an in-depth study of these discrepancies, KE08
compared M-Z relations (see Chapter 9) derived using ten different calibrations from
the literature. In addition to finding large systematic discrepancies of up to 0.7 dex
in the metallicities from different calibrations, there was an evident disparity in the
overall shape and zero point of the M-Z relations (see Figure 8.3). Such discrepancies
mean that comparing results of different studies is not possible and it is crucial to use
the same metallicity calibration for any comparisons of the M-Z relation. False trends
in the data may also be introduced in studies that try to maximise the number of
available measurements by using a combination of different calibrations (see Figure
3 in Boselli & Gavazzi, 2006). In an effort to facilitate comparisons between the
results of various samples, KE08 determined conversions allowing metallicities derived
with different calibrations to be converted into the same base calibration. The new
conversions removed the 0.7 dex systematic discrepancies.
Using these new metallicity conversions, it is now possible to compare metallicities derived using different calibrations reliant on different sets of emission lines.
A better estimate of the relative oxygen abundance of a galaxy may be obtained by
converting each metallicity estimate into the same base metallicity and then using the
average metallicity from all the available estimates. I shall first test the metallicity
calibrations and base conversions presented in KE08 with the HRS+ sample since, at
the time of writing, no other study has performed an independent check of the base
conversions presented in KE08. These new estimates could then be used to study the
M-Z relation and potentially explore the different theories of chemical evolution.

8.5

Metallicity estimates
First, oxygen abundances are estimated from measurements of emission line

fluxes with the six calibrations described in Section 8.3: M91, Z94, D02, PP04 O3N2
and N2, and P05. There are a number of points to note about the application of the
methods to the data. Galaxies with detected Hβ and Hα emission, i.e. a positive
value of C1 (see Section 4.4), and Oii emission are suitable for use with all the
calibration methods. However, those systems with an upper limit to the C1, derived
from estimating the (undetected) Hβ emission using the Hα equivalent width, only
have metallicities estimated with the D02 and PP04 N2 calibrations. Unlike the other
emission line ratios exploited by the remaining calibrations, the Nii and Hα lines used
in these two calibrations have very close wavelengths and are similarly affected by
dust extinction. In fact, the values of the reddening function adopted for extinction
corrections (presented in Table 4.1) are similar for the Nii and Hα lines. Thus, the
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ratio does not require a measurement of C1 and can still be used for estimating oxygen
abundances. A full table of results are presented in Appendix E and a summary of
the number of estimates is given in Table 8.2.
From these results, I examine the relationship between the estimates of the
different calibrations. The metallicity-metallicity (Z-Z) plots in Figure 8.4 have each
calibration method plotted against the other five methods. The figure is important
for a number of reasons. Firstly, it demonstrates significant discrepanicies which
arise when using different calibration methods: no single pair of calibration methods
used in this work follow the 1:1 relationship on the Z-Z plots. The methods in most
agreement are the D02 and PP04 N2 calibrations. The mean residual metallicity given
by δ̄, where δ = x − y, is 0.1 dex and the standard deviation of the difference between
the estimates of the two calibrations is lowest for D02 and PP04 N2 at σ = 0.03 dex.
However, this is not so surprising when considering that this pair of calibrations are
the most similar, since both calibrations are based on the same line ratios ([Nii]/Hα)
with similar derived relations (compare Equations 8.8 and 8.9). The method which
agrees the least with any other method is P05. As noted by KE08, this calibration has
a very non-linear shape with a large scatter and mean offset when plotted against all
the other calibrations (σ ∼ 0.4 dex and δ̄ ∼ 0.5 dex). Secondly, by comparing the Z-Z
plots from my data with those presented in Figure 3 of KE08 and online1 , it is evident
that the estimates are consistent to those of KE08. The systematic discrepancies are
clearly similar in the size of the deviation from the 1:1 relationship between all the
calibration methods. For a more quantitative approach, the Z-Z relations obtained
from fitting the data in KE08 are shown for each Z-Z plot in Figure 8.4, excluding
the relations for P05 estimates, for which a reliable fit was not possible. It is clear
that there is a high level of agreement between all of the KE08 relations and the
data. However, whilst a slight offset does exist between the estimates and the fitted
relationships of KE08, this offset is within the observed errors (typically 0.1 dex) and
is not significant.
It thus emerges that the estimates from this work are consistent with those
found in previous studies. Both the discrepancies and the shape of the relations
between different calibrations agree with those found in KE08. This is encouraging
when one considers that the two datasets were obtained in different ways: KE08
use spectroscopy from SDSS fibers, whereas this work uses integrated, drift-scan
spectroscopy.
On closer inspection of the Z-Z plots, it can be seen that outliers from the main
1

Z-Z plots for all calibrations used in KE08 have been made available online at
http://www.ifa.hawaii.edu/∼kewley/Metallicity.
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Z-Z relationships exist in calibrations which rely on using the Nii or Hα lines. The
outlying objects, approximately 8 in total, have oxygen abundances derived from
the emission line measurements of low resolution (R < 1000) spectra obtained in
G04. In these spectra, the Nii and Hα lines were not resolved and G04 estimate the
[Nii] λ6548, [Nii] λ6584 and Hα lines using a relationship between metallicity and
luminosity. However, whilst this method may be more accurate than the alternative
method of deblending the lines using SPLOT, for this work it is important to have
accurate and reliable emission line flux measurements. Because the data for these 8
objects produce unreliable abundance estimates, these objects are removed from the
analysis of the mass-metallicity relation in the following chapter.
Since the abundance estimates appear consistent with results in the literature,
I shall now proceed by removing the systematic discrepancies between the different calibrations by converting the results into a ‘base’ metallicity, such that all the
abundance estimates from different calibrations are comparable.

8.5. Metallicity estimates
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Figure 8.4: The relationships between the metallicities obtained from the six calibration
methods (blue open circles). The 1:1 line (red line) denotes where the metallicities
would lie if the calibrations agree, highlighting the large variation and scatter of using
different metallicity calibrations. The relationships are well fitted by the Z-Z relations
given in KE08 (black line). The scatter, σ, is the standard deviation of the residuals
between the two plotted calibrations.
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Base conversion
The study by KE08 showed that metallicities from different methods do not

follow the 1:1 relationships expected if the calibrations were in agreement, but often
show strong discrepancies in both the systematic offset and the observed scatter (see
Figure 3 in KE08). By fitting the relationship between the various results of the
calibrations, KE08 were able to eliminate the systematic discrepancies and produce
comparable metallicity measurements from different calibration methods. The conversion relations enabling a metallicity from one method to be converted into any
other metallicity follow
y = a + bx + cx2 + dx3

(8.11)

where y is the final or ‘base’ metallicity in 12+log(O/H) units, x is the original
metallicity from an alternate calibration and a-d are the third order coefficients, as
presented in Table 3 of KE08. Since the aim of this work is to determine reliable
and homogeneous oxygen abundance estimates in order to study the mass-metallicity
relation, it is necessary to choose a single base metallicity into which all the other
metallicity estimates may be converted. I decided it would be sensible to test all the
different calibrations to determine which calibration acting as the base calibration
provides (a) the most metallicity estimates for the largest number of galaxies, (b)
the least systematic offset between metallicity estimates using all the remaining calibrations and (c) the smallest scatter in the estimates from the different calibrations.
Taking each calibration in turn to act as the base calibration, I converted the abundances from each remaining calibration method by applying the relevant conversion
relations as determined by KE08, using Equation 8.11 with the conversion coefficients
(a-d) in Table 8.3.
I first determine the number of methods and the corresponding number of
galaxies with estimated metallicities available from each base calibration (presented
in Table 8.2). The M91 calibration produces the fewest metallicity estimates when
acting as a base calibration, mainly due to the tight validity ranges of the M91 conversions (given in Table 8.3) and the number of detected [Oii] emission lines required for
the method. The number of abundance estimates corresponds directly to the number
of galaxies, therefore M91 also produces the smallest sample of galaxies for which the
metallicity is estimated. In comparison, the conversion to the Z94, PP04 O3N2 and
N2 calibrations all produce similar results when acting as the base calibration, with
between 830-890 estimates available for ∼250 galaxies. This essentially corresponds to

a greater number of methods for measuring the metallicity being available per galaxy,
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Measured

Base
M91

Z94

D02

O3N2

N2

112

112 (0.18)

94 (0.16)

83 (0.09)

83 (0.11)

83 (0.10)

Z94

102

90 (0.10)

102 (0.21)

90 (0.12)

90 (0.12)

90 (0.11)

D02

285

145 (0.11)

242 (0.14)

285 (0.08)

242 (0.10)

242 (0.10)

O3N2

194

132 (0.12)

191 (0.15)

191 (0.09)

194 (0.10)

191 (0.10)

N2

244

140 (0.11)

229 (0.14)

244 (0.08)

229 (0.10)

244 (0.10)

P05

112

-

-

-

-

-

937 (285)

619 (154)

858 (252)

893 (285)

835 (251)

850 (252)

M91

Total

Table 8.2: The number of measured metallicity estimates for the 421 observed galaxies
obtained from each (unconverted) calibration and by then converting the estimates
using each method as a base calibration. The bracketed number for a calibration
is the scatter, derived from the average standard deviation of the residuals between
the calibration and all the other calibrations. The bracketed number on the last
row denotes the the actual number of galaxies corresponding to the total number of
estimates derived from each method using the different base calibrations.

meaning that an average estimate is more reliable when using these base calibrations
instead of the M91 calibration. The base calibration that provides the most metallicity estimates for the largest number of galaxies is clearly the D02 base calibration.
This method offers the best results compared to the other calibrations, providing the
greatest number of methods for measuring the metallicity being available per galaxy
(893 estimates derived for 285 galaxies).
With regard to the metallicity values, rather than just the number of estimates
available, the effects of the conversion to the different base calibrations are evident
from the Z-Z plots in Figures 8.5 to 8.9. The figures show the relationships between the
metallicities obtained from the five calibration methods once converted into each base
calibration in turn. For easy comparison with the original, unconverted metallicities
in Figure 8.4, the unconverted metallicities from each calibrations and the 1:1 line
denoting the theoretical agreement between calibration estimates are shown. It is
evident from these figures that the systematic discrepancies are significantly reduced,
since the overall estimate distributions are now shifted to lie around the 1:1 line. The
mean discrepancy between the metallicities δ̄ - a measure of the offset from the 1:1
relationship - is always <0.1 dex regardless of the calibration used and is typically
.0.05 dex, consistent with the offsets presented in KE08. I remind that the previous
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offsets for (unconverted) metallicity estimates were typically between 0.1 and 0.3 dex.
I now compare the scatter in set of Z-Z plots for each base calibration. The
mean scatter, calculated using the standard deviation of the differences between the
estimate of the base metallicity and the remaining four estimates, is 0.16 dex for
Z94, and 0.13 dex for M91. The scatter is smaller between estimates converted into
the D02, PP04 O3N2 and N2 base calibrations compared to the M91 and Z94 bases.
Therefore, the oxygen abundances show better agreement when using the [Nii]/Hαbased or [Oiii]/[Nii]-based conversions than those calibrations based on the R23 ratio.
In fact, the smallest mean scatter between metallicities is obtained when using the
D02 calibration as the base metallicity (σ = 0.09 dex).
To summarise, the results presented here, i.e. the relationships between the
different calibrations, the magnitude of the systematic discrepancies and the observed
scatter between the estimated metallicities etc., are all consistent with the results of
KE08. I find that the M91 and Z94 calibrations are not the best choice for using as
base calibrations, since these calibrations tend to estimate metallicities for the least
number of galaxies compared to the other methods. In addition, these R23 -based
estimates are more scattered compared to the other types of metallicity calibrators.
Excluding the M91 and Z94 calibrations as candidates for the base metallicity, it
appears that the D02 calibration is the best base calibration to use when attempting
to compare the oxygen abundance estimates, as it produces a greater number of less
scattered estimates when compared to the other base calibrations used in this work.
The conclusion that the best method to use as a base metallicity is the D02
calibration appears to disagree with the conclusions of KE08, who conclude that the
M91, PP04 O3N2 and KD02 (not used in this work) methods are the best base calibrations. I actually conclude that the M91 calibration is possibly the worst choice as
a base calibration, given the smaller number of estimates and the higher discrepancies
associated with the results from this calibration. The M91 calibration may not be the
best estimator of the metallicity for the HRS+ sample because it is reliant on accurate
measurements of the [Oii] line for determining the O32 ratio and for breaking the R23
degeneracy. The [Oii] line is much more affected by the extinction correction from
the estimation of the Balmer decrement. Since some of the Hβ measurements were
not corrected for underlying stellar absorption, as discussed in Section 4.4, this could
result in inaccurate [Oii] intensities and thus make the M91 calibration seem unreliable. Future work will investigate this issue, possibly by determining a mean additive
correction for the Hβ lines where underlying absorption is not detected, similar to
the G04 absorption correction.
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The results presented here instead favour the D02, PP04 O3N2 and N2 calibrations. Disregarding M91, for the reasons discussed above, the difference between
our conclusions arises out of the necessity to derive reliable metallicities for as many
galaxies as possible without introducing additional errors/discrepancies. The consequence of this requirement is that the D02 calibration becomes favourable over the
PP04 O3N2 or N2 calibrations as, whilst the offset and scatter associated with using
the two calibrations as bases are comparable, the D02 calibration estimates the most
metallicities for galaxies in the sample. Rather than restrict the analysis in Chapter
9 to using metallicity estimates converted into one base metallicity, I decided to calculate two sets of final metallicity estimates, one based on the D02 calibration and
the other on the PP04 O3N2 calibration. The reason for this is that a comparison of
the M-Z relations derived from two sets of metallicities based on different calibrators
may provide a key test as to whether the conclusions are dependent on the choice of
calibrator.
Thus, the final values adopted for the metallicity of each galaxy were derived
from the mean of all the measured oxygen abundances from the different calibration
methods applicable to the emission line data of the galaxy, once converted into the D02
base metallicity and, for comparison, into the PP04 O3N2 base metallicity. Both sets
of final metallicity estimates with errors are presented in Tables E.2 and E.3, together
with the number of calibrations available for each galaxy under each base calibration
regime. The distributions of the errors, presented in Figure 8.10, illustrate the similar
mean and scatter in the D02 and PP04 O3N2 results, with standard deviations of
∼ 0.1 dex. This value should be noted for the following analysis in Chapter 9 as it
represents the overall error in the metallicity estimates.

8.7

Conclusions
The aim of this work was to obtain estimates of the metallicity for the HRS+

sample of galaxies, which could then be used to study the M-Z relation and observe
any influence from the environment.
Six different calibrations were studied: M91, Z94, D02, PP04 N2 and O3N2,
and P05. These calibrations were applied to the emission line data combined from
Chapter 4 and G04. The resulting oxygen abundance estimates displayed large discrepancies (upto 0.3-0.4 dex in scatter) and systematic offsets, as observed by previous
studies comparing the use of different calibrations (e.g. Liang et al., 2006). The relationships between the results of the calibrations, presented in KE08, were also in
agreement with the results of this work.
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Figure 8.5: The relationships between the metallicities obtained from the six calibration
methods once converted into the M91 base metallicity (blue open circles). The 1:1 line
(red line) denotes where the metallicities would lie if the calibrations agree and the
unconverted metallicities from each calibration, as presented in Fig 8.4, are shown
for comparison (grey open circles). The scatter, σ, is the standard deviation of the
residuals, δ, between the two plotted calibrations.
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Figure 8.6: The relationships between the metallicities obtained from the six calibration
methods once converted into the Z94 base metallicity (blue open circles). The 1:1 line
(red line) denotes where the metallicities would lie if the calibrations agree and the
unconverted metallicities from each calibration, as presented in Fig 8.4, are shown
for comparison (grey open circles). The scatter, σ, is the standard deviation of the
residuals, δ, between the two plotted calibrations.
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Figure 8.7: The relationships between the metallicities obtained from the six calibration
methods once converted into the D02 base metallicity (blue open circles). The 1:1 line
(red line) denotes where the metallicities would lie if the calibrations agree and the
unconverted metallicities from each calibration, as presented in Fig 8.4, are shown
for comparison (grey open circles). The scatter, σ, is the standard deviation of the
residuals, δ, between the two plotted calibrations.
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Figure 8.8: The relationships between the metallicities obtained from the six calibration
methods once converted into the O3N2 base metallicity (blue open circles). The 1:1
line (red line) denotes where the metallicities would lie if the calibrations agree and
the unconverted metallicities from each calibration, as presented in Fig 8.4, are shown
for comparison (grey open circles). The scatter, σ, is the standard deviation of the
residuals, δ, between the two plotted calibrations.
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Figure 8.9: The relationships between the metallicities obtained from the six calibration
methods once converted into the N2 base metallicity (blue open circles). The 1:1 line
(red line) denotes where the metallicities would lie if the calibrations agree and the
unconverted metallicities from each calibration, as presented in Fig 8.4, are shown
for comparison (grey open circles). The scatter, σ, is the standard deviation of the
residuals, δ, between the two plotted calibrations.
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Based on the results presented here, I conclude that the [Nii]/Hα-based calibrations are the better base calibrations to use when attempting to compare the
oxygen abundance estimates derived from different calibrations, since these methods
produced the most reliable estimates. In particular, the D02 calibration gave the most
results when applied to the HRS+ sample, making this the favoured choice of base
metallicity. The final values adopted for the metallicity of each galaxy were derived
from the mean of all the measured oxygen abundances from the different calibration
methods applicable to the emission line data of the galaxy, once converted into the
D02 base metallicity. An additional set of results was also determined with the PP04
O3N2 calibration, concluded to be the best calibration by KE08, to test whether
conclusions derived from the metallicity estimates are dependent on the choice of
calibration.
Some issues with this work remain. One of the main concerns was the number
of metallicity estimates which became invalid under the constraints of the conversion
into any chosen base metallicity. In some cases, an oxygen abundance estimate could
not be used despite having reliable, high S/N emission line data, because the value
fell outside the validity range of the conversion. The consequence of this is not only
of ‘wasting’ valuable data, but also that the dynamical range in metallicity that can
be studied becomes limited to a range of approximately 8 < 12+log(O/H)< 9, thus
excluding metal-poor galaxies 12+log(O/H) < 8.0. Future work should be focussed
towards expanding the range over which these conversions are valid. With the data
used here, I could attempt to tackle this issue in the future.
Whilst reliable metallicities have been measured for galaxies in the HRS+
sample, these are still only relative measurements of the mean oxygen abundance.
Fluctuations in the temperature and density structures throughout Hii regions mean
that even the ratio of collisionally-excited emission lines may not be reliable. It is
possible that studies into diagnostic lines that are insensitive to the temperature and
density, such as metal recombination lines (see e.g. Tsamis et al., 2003; Liu, 2002),
or IR fine structure lines (e.g. Hunt et al., 2010), may help resolve the metallicity
discrepancy problem in the near future.
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Figure 8.10: The distribution of the errors in the final metallicity values, presented for
both the D02 (solid blue line) and the PP04 (dashed red line) base calibrations.
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M91(x )

Z94(x )

D02(x )

PP04 O3N2(x )

PP04 N2(x )

M91(y)
Branch

-

...

upper;lower

upper;lower

upper;lower

Range

-

8.4-9.2

8.2-8.9;8.05-8.4

8.2-8.9;8.05-8.4

8.2-8.8;8.05-8.3

a

-

393.9855

85.2839;4.7927

267.3936;2.4196

87.371;0.7641

b

-

-127.8604

-18.63342;0.40796

-85.20014;0.70167

-19.39959;0.90362

c

-

14.05033

1.130870

9.219665

1.193544

d

-

-0.5109532

...

-0.3267103

...

Branch

...

...

...

...

...

Range

8.4-9.1

-

8.05-8.9

8.05-8.9

8.05-8.8

Z94(y)

a

-868.280

-

63.6386

230.9335

40.5515

b

291.6262

-

-13.87785

-76.73906

-8.67461

c

-32.42779

-

0.872216

8.711059

0.581691

d

1.206416

-

...

-0.3244087

...

upper;lower

...

-

...

...

D02(y)
Branch
Range

8.5-9.1;8.0-8.4

8.4-9.3

-

8.05-8.9

8.05-8.9

a

-121.3958;-1.0361

-114.3143

-

-1.3992

-629.0499

b

28.86410;1.13468

32.79523

-

-5.32702

215.37940

c

-1.599613

-2.782591

-

1.562757

-24.305910

d

...

0.0731175

-

-0.0938063

0.9168766

8.5-9.1;8.05-8.4

8.4-9.3

8.05-8.9

-

8.05-8.8

PP04 O3N2(y)
Range
Branch

upper;lower

...

...

-

...

a

-65.0991;2.1063

52.2389

36.6598

-

-8.0069

b

15.74995;0.74427

-18.67559

-7.64786

-

2.74353

c

-0.837514

2.447698

0.508480

-

-0.09368

d

...

-0.1011578

...

-

...

PP04 N2(y)
Branch

upper;lower

...

...

...

...

Range

8.5-9.1;8.05-8.4

8.4-9.3

8.05-8.9

8.05-8.9

-

a

1334.9130;3.1447

656.5128

-444.7831

512.7575

-

b

-464.86390;0.61788

-224.1124

165.426

-180.47540

-

c

54.166750

25.734220

-20.202

21.41588

-

d

-2.0986640

-0.98122624

0.8249386

-0.8427312

-

Table 8.3: The validity ranges and coefficients for converting abundances derived from
each initial calibration (x ) into abundances based on a base calibration (y) using
Equation 8.11.
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Chapter 9
The Mass-Metallicity Relation

9.1

Introduction
Since the discovery of a relationship between luminosity and metallicity by

Lequeux et al. (1979), numerous studies have confirmed the existence of a luminositymetallicity or stellar mass-metallicity (hereafter M-Z) relation (see e.g. Rubin et al.,
1984; Skillman et al., 1989; Vila-Costas & Edmunds, 1992). As the stellar mass
and metallicity respectively measure the amount of gas converted into stars and the
amount of gas converted into metals, the evolutionary stage of a galaxy can be inferred from reliable knowledge of these two quantities. Therefore, the M-Z relation
provides a valuable tool for studying the chemical evolution of galaxies. However,
despite mounting observational evidence for the existence of the M-Z relation, many
questions remain regarding the origin, scatter and the possibility of a dependence on
the environment.
It is now possible to explore the nature of the M-Z relation in different environments using the HRS+ sample of galaxies combined with the new estimates of
the gas-phase metallicities presented in Chapter 8. Whilst the new method produces
reliable metallicity estimates, it is important to ascertain that any observed trends
are real and not dependent on the choice of base calibration. For this reason, I will
use two sets of abundance measurements: one set of measurements use the calibration
of Denicoló et al. (2002, D02) to act as the base metallicity and the other uses the
Pettini & Pagel (2004, PP04) O3N2 calibration as the base metallicity1 . I refer to
the two sets as either the D02-based or PP04-based results. Throughout the following analysis, these results will be compared to demonstrate that any trends in the
observations are real and occur irrespective of the choice of base calibration.
1

The decision to use these two particular calibrations is discussed in Section 8.6.
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Figure 9.1: The relationship between stellar mass and oxygen abundance for the total
sample of galaxies (blue circles), using metallicity estimates based on the D02 (left
panel) and the PP04 (right panel) base calibrations. In each panel, the best fit M-Z
relations presented in KE08 (solid black line) for the two calibrations are presented.

9.2

Defining the M-Z relation
First, I shall investigate the relationship between stellar mass and gas-phase

oxygen abundance. Figure 9.1 presents the M-Z relationships from gas-phase oxygen abundances derived using both the D02 and PP04 O3N2 calibrations. For both
calibrations, it is evident that a positive correlation exists between the two quantities. Indeed, each calibration yields a correlation with a Spearman coefficient of rank
correlation of ρ = 0.56, corresponding to a probability P(ρ) > 99.9% that the two
variables are correlated.
Although the correlation coefficients are equal, the M-Z relations are not the
same since both the dynamical range and the dispersion of the metallicity estimates
are different. The range of metallicity estimates of the D02- and PP04-based results
are approximately 8.3 < 12+log(O/H) < 9.1 and 8.2 < 12+log(O/H) < 8.9, respectively. As well as the offset in the metallicity ranges, there is also an offset in the
mean metallicities; the D02-based mean metallicity is 12+log(O/H)∼8.7 whereas the
PP04-based mean metallicity is ∼8.6. This suggests a systematic offset of approximately 0.1 dex between the two sets of results, which is as large as the error associated
with the abundance estimates. The dispersion in the metallicities is much greater for
the D02-based results (σ = 0.18) compared to the PP04-based results (σ = 0.14).
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Also displayed in Figure 9.1 are the respective fits to the D02 and PP04based M-Z relations presented in KE08 (see also Figure 8.3). The PP04-based fit is
fairly consistent with the observations, but the fit to the D02-based observations is
less consistent since the population of galaxies is much more scattered. The figure
suggests that the increase in the scatter for the D02-based results is due to the galaxies
with metallicities 12+log(O/H) > 8.9, since these objects do not appear to follow the
KE08 M-Z relation. In addition, a direct comparison between the two panels in Figure
9.1 supports the idea that the increased scatter in the D02-based results arises from
the presence of galaxies with metallicities 12+log(O/H) > 8.9 that are not present in
the PP04-based results.
I concluded in the previous chapter that the D02 calibration acts as the best
base calibration, due to 23 more metallicity estimates being available with this calibration than the PP04 O3N2 or N2 calibrations (see Section 8.6 for the discussion
of this point). This means that some galaxies in the D02 calibration are based on
a single measurement of the [Nii] λ6584/Hα emission line ratio and not from the
error-weighted average of different calibration estimates based on different suites of
emission lines, i.e. the new approach to estimating the oxygen abundance that I
introduced in the previous chapter. Thus, I identify the additional galaxies in the
M-Z diagram by highlighting those galaxies which have metallicities derived using a
single measurement. Figure 9.2 shows the same M-Z relationships as presented in
Figure 9.1 with the KE08 best fit lines plotted, but galaxies with only one metallicity
estimate are now highlighted as red circles. It is clear that all of the galaxies with D02
estimates > 8.9 arise from single measurements of the [Nii] λ6584/Hα emission line
ratio and not from the error-weighted average of different estimates. These additional
metallicity estimates for 23 galaxies, are only deemed valid by this method because of
the broader validity range ascribed to the D02 calibration than to other calibrations:
7.2 < 12+log(O/H) < 9.1. However, since the [Nii] λ6584/Hα emission line ratio is
susceptible to contamination due to AGN emission and may lead to an overestimate
of the oxygen abundance, this raises an important issue about the use of the D02
calibration as the base metallicity when only single measurements are available.
Whilst the [Nii] λ6584/Hα emission line ratio used for the D02 calibration
does correlate with the oxygen abundance over a wide validity range, an inspection
of Figure 9.3, taken from Denicoló et al. (2002), shows that the calibration may not
be reliable at higher metallicities (e.g. 12+log(O/H) ∼ 9.1). At high metallicities,
it appears that the mean oxygen abundance from the observational data deviates
from the linear fit that defines the calibration. Although a galaxy may possess an
oxygen abundance of 9.1 and a corresponding log([Nii] λ6584/Hα) of -0.5, the D02

164

Chapter 9. The Mass-Metallicity Relation

Figure 9.2: The relationship between stellar mass and metallicity for the total sample
of galaxies (blue circles), using metallicity estimates based on the D02 (left panel) and
the PP04 (right panel) base calibrations. In each panel, linear and polynomial fits to
this data (dashed and solid red lines, respectively) and the KE08 data (solid black
line) are presented.

calibration actually yields 12+log(O/H) = 9.1 when log([Nii] λ6584/Hα) = 0. Therefore, this means that larger emission line ratios become valid under the D02 range.
Under the Decarli et al. (2007) scheme for classifiying nuclear activity, galaxies with
log([Nii] λ6584/Hα) > -0.4 are classified as displaying AGN-like behaviour. Hence,
AGN-like galaxies may fall within the validity range of the calibration and, since the
calibrations assume the emission lines occur due to star formation and not nuclear
ionisation, this contamination leads to an incorrect overestimate of the oxygen abundance. Indeed, Figure 9.4 demonstrates that the 23 additional galaxies are classified
as either displaying composite (i.e. a mixture of AGN and star forming) activity
or AGN-like behaviour, with these classifications presented in Table 9.1. It is clear
that most of these galaxies are displaying some degree of AGN-like behavior, with
emission line ratios and corresponding oxygen abundances that are deemed valid by
the D02 calibration but are otherwise invalid by the other calibrations. Since these
galaxies are likely AGN-host galaxies displaying some level of nuclear activity, hence
yielding unreliable metallicity estimates, they are excluded from the following analysis. However, the galaxies are retained in the various figures in order to demonstrate
how AGN-host galaxies may affect observed trends.
Excluding these galaxies, I then examined the relationship between stellar
mass and metallicity by using the IDL polyfit task to perform a least squares fit of
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Figure 9.3: The plot shows the oxygen abundance versus the [Nii] λ6584/Hα calibrator.
The relation used as the D02 metallicity calibration is given by the solid black line.
Taken from Denicoló et al. (2002).

the two datasets. From a visual inspection of Figure 9.1, a linear fit would most
likely suffice to describe the M-Z relation. However, recent studies have reported
that the M-Z relation flattens with increasing stellar mass and that the relation is
best described using a polynomial function (see e.g. KE08 and references therein).
The use of a polynomial has a physical as well as observational basis, since simple
chemical evolution models predict that as gas is consumed via star formation, with
a consequent increase of the stellar mass, the metallicity reaches a maximum upper
limit that is determined by the mass of metals freshly produced in stars and ejected
into the ISM (see e.g. Edmunds, 1990; Erb, 2008). This is an important point,
to which I shall return during a discussion of a simple chemical evolution model in
Section 9.4. Hence, I fit both linear and polynomial functions to the data and shall
compare the two fits.
The best fit relations between stellar mass and oxygen abundance follow
y = a + bx + cx2 + dx3

(9.1)

where y is the oxygen abundance expressed as 12+log(O/H), x is the logarithm of
the stellar mass and a-d are the coefficients of the best fit line. The coefficients for
each sample are displayed in Table 9.2 along with the reduced Chi-squared values, χ2ν ,
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Figure 9.4: The BPT (Baldwin et al., 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) =
-1.3. The Decarli et al. (2007) scheme (straight dashed lines) marks the classification
boundaries between star-forming, LINER, Seyfert and composite galaxies, as described
in the text. In addition, the demarcation lines between star forming and AGN-host
galaxies from Kewley et al. (2001, solid black line) and Kauffmann et al. (2003, dashed
black line) are shown. The galaxies with D02-based metallicities 12+log(O/H) > 8.9
using a single method are highlighted (solid red circles) compared to all other galaxies
(blue circles).

produced from each fit. These fits are fairly consistent with the D02-based and PP04based M-Z relations presented in KE08. The discrepancies between the fits presented
here and the KE08 fits are within the errors over most of the range in stellar mass,
but are largest at stellar masses lower than ∼109 M⊙ . These discrepancies arise due
to the sample having too few low mass galaxies to accurately constrain the y-intercept
of the M-Z relation, compared to the larger range of the sample used in KE08.
The metallicity residuals from the linear and polynomial fits to both the D02and PP04-based results are presented in Figure 9.5. This figure is important since
the residuals represent the scatter in the mass-metallicity relationship, and it is important that the fitted relationship does not introduce any artificial trends across the
mass range, in order to accurately study the origin of the scatter. All the residual
distributions are remarkably similar, with no trends introduced from the fits. Indeed,
the Spearman correlation coefficients for each of the panels are all smaller than 0.05,
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Name

R.A.(hms)

Dec.(◦ ′ ′′ )
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[Nii]/Hα

[Oiii]/Hβ

Classification

IC 610

102628.44

201339.8

0.67

2.63

LINER

NGC 3501

110247.26

175921.6

0.53

2.54

Composite

NGC 3756

113648.01

541736.8

0.67

3.20

Seyfert

NGC 4045

120242.26

015836.4

0.57

-

Composite

VCC 167

121554.22

130859.7

0.63

-

AGN

VCC 404

122017.34

041206.0

0.54

2.57

Composite

NGC 4289

122102.30

034320.0

0.60

-

AGN

VCC 517

122201.30

050600.0

0.86

-

AGN

VCC 656

122338.81

065714.5

0.53

-

Composite

VCC 713

122414.10

083203.7

0.68

-

AGN

VCC 792

122522.07

100101.2

0.59

-

Composite

VCC 979

122711.65

092515.1

0.78

-

AGN

VCC 1086

122816.00

092610.6

0.81

-

AGN

VCC 1379

123139.62

165107.5

0.79

0.54

LINER

VCC 1401

123158.91

142509.7

0.53

-

Composite

VCC 1552

123415.77

130429.1

0.74

-

AGN

VCC 1615

123526.33

142948.8

0.81

-

AGN

VCC 1757

123817.79

130635.8

0.51

-

Composite

VCC 1859

124057.47

115441.7

0.63

-

AGN

VCC 2066

124815.05

105906.7

0.67

-

AGN

NGC 4791

125443.96

080310.6

0.57

-

Composite

NGC 5356

135458.45

052001.4

0.61

2.62

LINER

Table 9.1: Properties of the 23 galaxies with D02-based metallicities 12+log(O/H) >
8.9. Under the classification scheme of Decarli et al. (2007), all these objects display
some degree of AGN-like behaviour. I have distinguished between Seyfert and LINER
systems where possible.

where a coefficient of zero indicates no observed trend in the data. The PP04 estimates have a slightly higher scatter (σ = 0.13 dex) compared the scatter of the D02
estimates (σ = 0.11 dex, excluding the AGN-hosts) and this result holds regardless
of whether using the linear or polynomial best fit. The observation that the scatter
in the metallicity is around ∼0.1 dex is in agreement with the scatter reported in
T04, which is also comparable to the 0.1 dex error associated with the metallicity
estimates (see Chapter 8). Therefore, the choice of linear or polynomial fit does not
make a significant difference to the distribution of the residual metallicities.
Finally, since the new D02-based and PP04 based M-Z relations presented in
this work are fairly consistent (within the errors) with the D02-based and PP04-based
M-Z relations presented in KE08, this suggests the new M-Z relations are reliable to
be used in the following analysis.
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Base

Fit

D02

linear
polynomial

PP04

linear
polynomial

a

b

c

d

χ2ν

7.339

0.140

-

-

1.21

×10−3

1.19

-

1.63

×10−3

1.60

0.727

×10−3

7.054
0.814

×10−3

1.979

-0.144

0.161

-

1.884

-0.129

3.360

2.752

Table 9.2: The coefficients and χ2ν values given by linear and polynomial least-squares
fits to the data, where y = a + bx + cx2 + dx3 .

Figure 9.5: The residual metallicities (solid blue circles) for the D02 and PP04 estimates (top and bottom panels, respectively), obtained when using either the linear or
polynomial lines of best fit (left and right panels, respectively). The open grey circles
show the 23 AGN-host galaxies excluded from the analysis.
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Scatter in the M-Z relation
In the previous section, a correlation between the stellar mass and gas-phase

oxygen abundance is observed, which spans a range of a factor of 10 in metallicity
and a factor of 100 in stellar mass. The most interesting observation is the tightness
of the correlation, as the scatter from the fitted M-Z relations are only ∼0.1 dex,
which is comparable to the error associated with the metallicity estimates and in
agreement with the scatter observed in T04. This observation is quite remarkable
when consideration is given to the plethora of processes that potentially affect both
quantities. In the following, I attempt to uncover the cause of the scatter in the M-Z
relation and determine whether this scatter is due to environmental effects or internal
processes.

9.3.1

Environmental effects

The stellar mass and metallicity are both regulated by the star formation history of a galaxy, since the formation of stars subsequently leads to the production of
metals. However, as discussed in Chapter 5, there is mounting observational evidence
which indicates that star formation activity may be significantly altered by environmental effects. Gravitational interactions (Merritt, 1984; Moore et al., 1996), ram
pressure stripping (Gunn & Gott, 1972), and hybrid processes combining multiple
mechanisms e.g. preprocessing (Fujita, 2004; Cortese et al., 2006), can modulate star
formation in galaxies in high density environments. In fact, the observed morphologydensity (Dressler, 1980; Whitmore et al., 1993) and star formation-density (e.g. Kennicutt, 1983) relations are thought to partially arise from these external processes.
Since star formation is influenced by internal processes and environmental effects, it is therefore quite surprising that the observed scatter is only 0.1 dex and,
naively, I would expect some variation in the M-Z relation in different environments.
Seeking to determine any variation in the M-Z relation as a function of environment,
Mouhcine et al. (2007) selected a sample of over 37000 galaxies from the SDSS and
examined the dependence of the oxygen abundance on the stellar mass and an estimate of the local density, based on the distances to the nearest neighbours of each
galaxy. Across a range of environments, from isolated systems to the periphery of
clusters, they reported only a weak dependence of the M-Z relations on local density,
with changes in metallicity between 0.02 and 0.08 dex occuring over a factor 100
change in local density. They also found that for a fixed stellar mass, galaxies in
denser environments displayed a slight metal enhancement compared to galaxies in
sparser environments, in agreement with previous results (see e.g. Skillman et al.,
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1996 and Dors & Copetti, 2006). It is argued that this suggests that the primary
mechanism(s) driving galaxy evolution are dependent on intrinsic properties rather
than environmental effects. Moreover, in a recent study performed by Ellison et al.
(2009), it is concluded that whilst cluster galaxies are on average more metal rich
than field galaxies at a fixed stellar mass, the enhancements are dependent on the
local overdensity and not simply cluster membership.
I decided to investigate whether any environmental variation in the M-Z relation or the scatter in the relationship could be present in the HRS+ sample, using the
M-Z relations obtained in the previous section and the cluster and field subsamples
as defined in Section 2.2. The upper and lower panels of Figure 9.6 present the D02based and PP04-based results, respectively, for the Virgo cluster members and those
galaxies residing outside the cluster. Since the difference between the environment is
likely to be small, as suggested by the 0.02 - 0.08 dex metallicity variations reported
by Mouhcine et al. (2007) and Ellison et al. (2009), I try a number of different approaches to check for any variations with environment, in order to reach a confident
conclusion.
Firstly, I attempt to seek any difference between the scatter of the observations
in the two different environments. The M-Z relation displays only minor differences
between galaxies in the Virgo cluster and galaxies residing in sparser environments.
From a visual inspection of Figure 9.6, it appears that the cluster may have a slightly
higher scatter than the field. However, a quantification of the scatter yields no significant difference between the two distributions, as the D02-based(PP04-based) dispersion is 0.13(0.15) dex in the cluster compared to a dispersion of 0.12(0.14) dex in the
field galaxies. The correlation in the M-Z diagram of the cluster galaxies is also similar, with Spearman correlation coefficients of 0.53(0.48) in the cluster and 0.58(0.56)
in the field. These coefficients relate to probabilities of the two quantities being correlated of P(ρ) >99% . Thus, the observation that cluster galaxies are distributed
at slightly higher metallicities than the field is only a qualitative observation, which
I shall return to later in the discussion. The main interesting point to note is that
these minor differences are observed in both the D02 and PP04 results, suggesting
that they are real differences that occur independently of the choice of calibration.
Secondly, I investigate whether there is a systematic difference between the
two environments, by determining the average metallicity for bins at fixed stellar
masses. Comparing the binned data for the cluster and field environments (upper
right panel of Figure 9.6), it is apparent that whilst the differences in the average
metallicity estimates at each fixed stellar mass are of the order of 0.05 dex, there is no
systematic metallicity enhancement across the range of mass bins observed for either
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Figure 9.6: The M-Z relations observed from galaxies in the Virgo cluster (left panels) and outside the cluster environment (middle panels) for both the D02 and PP04
metallicity estimates. The best fit lines given in Table 9.2 are plotted (dashed and
solid red lines) together with the KE08 M-Z relations (solid black lines). A comparison of the binned data points from the two different environments (right panels) yields
minor variations in the M-Z relations of the Virgo (red squares) and non-Virgo (blue
triangles) galaxies. The excluded AGN-host galaxies are represented by open grey
circles.

environment. Indeed, neither environment shows an enhanced metallicity in any two
adjacent mass bins. No real difference is observed between galaxies residing inside or
outside the Virgo cluster, especially when taking the error in each average metallicity
into account. It should be noted that this same observation holds regardless of the
assumed size of the mass bins. Similarly, the lower panels of Figure 9.6 present the
PP04-based M-Z relations for the two discrete environments and, concordant with
the D02-based results, no systematic metallicity enhancement occurs in the binned
data for either environment, despite a qualitative hint that individual galaxies in the
cluster have higher oxygen abundances than the field. Thus, no systematic differences
in the metallicities of galaxies inhabiting different environments are observed across
the range in mass using this approach.
Finally, the metallicity residuals from fitted M-Z relations are investigated for
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Base

Sample (N)

Fit

D02

Virgo (72)

linear
polynomial

Non-Virgo (74)

linear
polynomial

PP04

Virgo (72)

linear
polynomial

Non-Virgo (74)

linear
polynomial

a

b

c

d

χ2ν

7.320

0.142

-

-

1.29

-34.481

11.760

-1.062

0.031

1.15

7.321

0.142

-

-

1.17

-34.575

11.765

-1.062

0.031

1.17

7.089

0.158

-

-

1.77

-34.080

11.456

-1.017

0.029

1.58

7.021

0.165

-

-

1.56

-34.645

11.765

-1.062

0.031

1.49

Table 9.3: The coefficients and χ2ν values given by linear and polynomial least-squares
fits to the data, where y = a + bx + cx2 + dx3 .

any differences between the two environments. Linear and polynomial relations are
fitted to the data in each environment, using the same method as described in the
previous section. The best fit coefficients from the fitted relations and the χ2ν values
produced by the fit are given in Table 9.3. The M-Z relations demonstrate very little
variation between environments (Figure 9.6). In order to uncover any environmental
variation in the M-Z relations, the field M-Z relation is used to calculate the residual
metallicities for galaxies in both environments. These residuals are plotted against
stellar mass in each environment in Figure 9.7.
Overall, the Virgo cluster members do not demonstrate a higher dispersion
compared to the non-cluster galaxies and this is independent of the choice of base
calibration. No systematic variations between the environments are observed; the
individual data points may visually hint at a slight metallicity enhancement in the
cluster environment, but a quantification of the data shows no such enhancement.
Thus, I find no evidence suggesting an environmental dependence to the scatter of
the M-Z relation. However, this may mean that any subtle underlying trend may not
be found due to being masked by the observational errors.
In all the results, I do not find any significant variation in the M-Z relation due
to the environment inhabited by a galaxy. Although it appears that the M-Z relation
is insensitive to the environment a galaxy inhabits, I can not rule out the possibility
that an underlying variation is hidden within the observational errors. This may not
be such a surprising result. Although Ellison et al. (2009) found that the metallicity
enhancement in the cluster M-Z relation was up to 0.05 dex, they also warn that such
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Figure 9.7: The residual M-Z relations observed for galaxies in the Virgo cluster (left
panels) and outside the cluster environment (middle panels) for both the D02 and
PP04 residual metallicity estimates calculated from the best fit line to the field M-Z
diagram, given in Table 9.2. A comparison of the binned data points from the two
different environments (right panels) yields minor variations in the M-Z relations of the
Virgo (red squares) and non-Virgo (blue triangles) galaxies. The excluded AGN-host
galaxies are represented by open grey circles.

environmental differences are subtle and may not be clearly observed in the unbinned
data of even large samples (>1300) of galaxies. Whilst the results are not sensitive
enough to discriminate whether the small variations I observe are really due to the
environment or merely arise from observational errors, I can place an upper limit of
0.1 dex on any environmental variation.

9.3.2

Hi deficiency
Whilst this result is consistent with Ellison et al. (2009) and Mouhcine et al.

(2007), it appears to disagree with the study by Skillman et al. (1996). They demonstrate that some individual galaxies within the cluster environment display metallicity
enhancements of approximately 0.2 dex, whereas those galaxies on the periphery of
the cluster have similar abundances as counterpart systems in sparse environments. In
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fact, many initial works based on small samples of well-studied galaxies (e.g. Shields
et al., 1991; Henry et al., 1992; Henry et al., 1994; Skillman et al., 1996) suggest that
the Virgo cluster members which typically display metallicity enhancements also have
a tendency to be environmentally perturbed systems, indicated by a deficiency in their
gas content. Recent studies using much larger samples have also indicated that gas
deficient objects in the Virgo cluster are more metal rich than field galaxies (Boselli
& Gavazzi, 2006). Similarly, Vilchez (1995) found that cluster dwarves appear to
have higher abundances than isolated objects. All these studies suggest that the environment plays a greater role in affecting the chemical abundance than compared
to the findings presented here, and those of Ellison et al. (2009) and Mouhcine et al.
(2007). Whilst I noted earlier that slightly more galaxies are metal rich in the cluster
compared to the non-cluster galaxies, such strong environmental dependence is not
seen in any of the M-Z diagrams presented in Figures 9.6 or 9.7.
I decide to test the distribution of Hi-deficient galaxies on the M-Z diagrams
for the D02-based and PP04-based calibrated metallicities (left panels of Figure 9.8).
Galaxies are split according to those with a high deficiency of atomic hydrogen,
DEFHI > 0.5, meaning they have lost ∼70% of their gas content compared to similar

isolated systems, and those with normal gas content, DEFHI < 0.5. It is clearly
evident, regardless of the base calibration used, that the Hi-deficient galaxies are
typically metal rich. The trend is clearer when using the average metallicities for
each bin of fixed stellar mass, also shown in Figure 9.8, as this demonstrates that the
Hi-deficient galaxies do not follow the M-Z relation derived from the overall sample,
but typically have enhanced metallicities.
These observations appear consistent with e.g. Skillman et al. (1996). The
general interpretation of this observation is that the metals in cluster galaxies are
less diluted in the unpolluted gas, due to Hi ablation. However, preliminary results
from the Herschel Space Telescope have uncovered a correlation between the ratio
of the submillimetre-to-optical diameter and with the Hi-deficiency, suggesting that
the cluster environment is capable of stripping not only gas but also dust and, likely,
metals (Cortese et al., 2010). Taking this result into account, the ablation argument
becomes hard to imagine, since it implies the enhanced metallicity of Hi deficient
galaxies is due to the presence of metals that avoid being stripped from a galaxy
along with the gas and dust.
An alternative explanation for the observed metallicity enhancements is based
on the possibility of a selection effect in the observations. Consider the scenario
where gas is stripped from the galaxy via an environmental mechanism, such as
ram pressure stripping. In the outskirts of a galaxy, this will lead to a reduction
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in the number of observed Hii regions, since a reduction of the star formation rate
following the removal of gas, combined with the effects of stellar evolution, means that
the number of hot young stars emitting ionising photons will decrease. Therefore,
only Hii regions within the stripping radius will be observed, where gas remains
as fuel for new stars to continue to be created, and, in the case of galaxies with
strong metallicity gradients, only the most metal rich Hii regions will contribute
to an integrated measurement of the metallicity. In this scenario, a Hi deficient
galaxy might appear to have an enhanced metallicity. To test this scenario, I use the
radial abundance profiles from two galaxies presented in Skillman et al. (1996). The
galaxies, NGC 4254 and NGC 4321, were arbitrarily chosen due to their clear oxygen
abundance gradients (when using the Z94 metallicity calibration). The Z94 profiles
were first converted into the D02 and PP04 base calibrations, using a polynomial with
the conversion coefficents provided in Table 8.3, such that the integrated metallicities
from the profile are comparable with the D02 and PP04-based M-Z diagrams. The
Z94 and converted D02 and PP04 profiles are presented in the right panels of Figure
9.8.
Firstly, it is evident that the metallicity gradient is dependent on the choice of
calibration used for the base metallicity. The Z94 profiles from Skillman et al. (1996)
were chosen for displaying the strongest metallicity gradients of the nine galaxies in
the Skillman et al. (1996) sample, with the aim of demonstrating the largest possible
effect on the observed metallicity due to ram pressure stripping. Yet the metallicity
gradient is very weak when the D02 acts as the base calibration. The gradient is
still present in the PP04-based profile. The observation that the choice of calibration
affects the observed metallicity gradient is an important one and I shall return to this
point later in the discussion.
I obtained the integrated metallicities observed in the cases ‘before’ and ‘after’
gas stripping. The integrated metallicity ‘before’ gas stripping was found by weighting the metallicity gradient by an exponentially declining intensity profile ∝ e−R/RE ,
and finding the average intensity-weighted metallicity for the full profile. To calculate the observed metallicity ‘after’ gas stripping, the average intensity-weighted
metallicity was found within an assumed stripping radius of R/RE = 1.5. This value
is purely an approximation given that the stripping radius found in galaxy models
varies depending on the model ingredients and are often around 11-15 kpc in a galaxy
with semimajor axis of 25 kpc (Kronberger et al., 2008; Tonnesen & Bryan, 2009).
However, this assumption is sufficient for the illustrative purposes of this toy model.
From these calculations, it is shown that metallicity enhancements could be produced,
dependent on the choice of calibration used and the metallicity gradient within the
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NGC4254
Z94
D02

y = -0.20 x + 9.43

y = -0.05 x + 8.87
NGC4321
Z94
D02

y = -0.14 x + 9.36

y = -0.03 x + 8.84

NGC4254
Z94
PP04 O3N2

y = -0.20 x + 9.43

y = -0.14 x + 8.99
NGC4321
Z94
PP04 O3N2

y = -0.14 x + 9.36

y = -0.10 x + 8.94

Figure 9.8: The M-Z diagrams for the D02-based and PP04-based calibrated metallicities (left panels). Galaxies are split according to those with a high deficiency of
atomic hydrogen, DEFHI > 0.5 (blue circles), and those with normal gas content,
DEFHI < 0.5 (red circles). Integrated metallicities are obtained from the radial abundance profiles from Skillman et al. (1996), showing the published Z94-based metallicities and the D02 and PP04-based profiles. The two limits plotted in the left panels for
NGC 4254 (black triangle) and NGC 4321 (black square) are based on the integrated
metallicities for the total profile and for R/RE < 1.5. Finally, the variation to the
M-Z relation (solid black line) when accounting for the increase in the observed (integrated) metallicities due to Hi deficient galaxies is shown (dashed black line). The
average metallicity for bins of fixed stellar mass (open black stars) typically lie above
this line.
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galaxy. The D02-based integrated metallicities show small increases in the
metallicity for the two galaxies, due to the weak metallicity gradients. However,
the variation can be ∼0.1 dex in the presence of steeper abundance gradients, as
demonstrated for the PP04-based metallicity. This is a significant increase to the
observed metallicity. Thus, this simple model may partially explain the presence of
gas deficient galaxies displaying higher abundances in the cluster environment than
in the field, without requiring a M-Z relation which varies in different environments.

9.3.3

Gas content
Although the metal enhancements observed in Hi deficient objects may arise

from a selection effect, one might still expect that the gas content of the galaxy will
play a role in determining the metallicity of a galaxy, since any variation in the gas
content of a galaxy may impact the star formation, which may yield an environmental
variation in the chemical abundances. In fact, from a sample of 105 SDSS galaxies
with estimated Hi mass measurements, Zhang et al. (2009) showed that galaxies with
a lower gas content often display enhanced metallicities at a fixed stellar mass and
found a systematic change in the gas fraction along the M-Z relation. The trend
observed in Zhang et al. (2009) was determined from a colour-dependent estimator of
the Hi-to-stellar-mass ratio, which was calibrated from a sample of 800 galaxies with
Hi mass measurements from the HyperLeda catalogue and possess a scatter of 0.31
dex. However, they did not investigate this trend in different environments.
With data available for the HRS+ sample, it is possible to investigate the
importance of the gas fraction using actual observations and not estimates of the Hi
mass. It is also possible to examine whether a trend exists between the metallicity and
gas fraction in the field and cluster environments. Such a trend should be observed
only in the cluster environment, where the environment is known to affect the gas
content of the galaxy. Following previous work, I define the gas fraction as the ratio
of the Hi mass to the sum of the Hi and stellar mass,
µ=

MHI
M∗ + MHI

(9.2)

such that it represents the amount of gas which has not yet been turned into stars. It
should be noted that this is a ‘hybrid’ gas fraction, since it does not take into account
the contributions of molecular hydrogen or helium gas.
Figure 9.9 shows the relationship between the oxygen abundance and gas fraction, and careful inspection of the figure yields an interesting result. The figure is
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divided into two diagrams; the top diagram uses the metallicity estimates based on
the D02 calibration and the bottom diagram uses estimates from the PP04 calibration. Both calibrations produce matching results. In the left panels of each diagram,
both the M-Z relations and the residual M-Z relations (determined from the best
fitting polynomial) show little variation between the Virgo members and the field
galaxies, as previously shown in Figures 9.6 and 9.7. These panels emphasize the
trends found in the middle and right panels, where the relationship of the metallicity, residual metallicity and gas fraction are investigated in the different environments. The oxygen abundance shows a strong anti-correlation with the gas fraction
regardless of environment, although the gas fractions possessed by the Virgo cluster
galaxies extend to values lower than the gas fractions of galaxies in the field. Despite
the cluster galaxies having lower gas fractions, there is no observed difference in the
gas fraction-metallicity trends in the range of µ where the two samples overlap (i.e.
−1.5 < µ < 0.0). This confirms that galaxies with high gas-phase metallicities are

typically objects with slightly lower gas content. The insensitivity of the metallicitygas fraction (Z-µ) relation to the environment also lends support to the scenario in
which the chemical evolution of galaxies is driven by their intrinsic properties and is
not significantly affected by the environment. From this point, the environment shall
no longer be considered as a primary mechanism driving the metallicity evolution,
since I find no observational support for an environmentally driven M-Z relation.
These results suggest that the gas content of galaxies is typically inversely
proportional to the metal content, regardless of the environment they inhabit.
To summarise the main points of this section, I find no significant variation of
the M-Z relations interior or exterior to the Virgo cluster, but also cannot conclusively
rule out the possibility of a weak sensitivity to the environment. I also demonstrated
how a possible selection effect could enhance the observed abundances of Hi deficient
galaxies without invoking an environmental variation in the M-Z relation. All these
findings, consistent with previous studies, suggest that environmental processes play a
secondary role in governing the M-Z relation. If this is the case, it raises the question
of what internal processes may be responsible for driving the relation. Since there
exists a clear relationship between the gas fraction and the metal content of a galaxy,
which observations suggest is driven by internal processes rather than environmental
effects, I shall now investigate whether this correlation can be modelled using a simple
model for galactic chemical evolution.
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Figure 9.9: The D02-based (top diagram) and PP04-based (bottom diagram) M-Z relations and residual M-Z relations observed for galaxies in the Virgo cluster (solid red
circles) and outside the cluster environment (solid blue circles) are shown in the left
panels of each diagram. The oxygen abundance shows a strong anti-correlation with
the gas fraction regardless of environment, although Virgo galaxies tend to have a
lower gas content than the field (middle and right panels of the two diagrams). The
excluded AGN-host galaxies are represented by open grey circles.
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The closed-box model

Following the confirmation of a relationship between metal content and gas
content, I shall now attempt to constrain the possible scenarios that give rise to this
observation. In the previous sections, I concluded that it is probably the intrinsic
properties of a galaxy that drive the M-Z relation, since very little significant difference is observed between the relations of the Virgo cluster or the field environment.
This conclusion was strengthened from the fact that there exists an anti-correlation
between the gas content and metal content, which remains even when removing the
relationship between stellar mass and metallicity, supporting the notion that late-type
galaxies chemically evolve as closed systems relatively insensitive to the environments
they inhabit. I decided to test this conclusion by adopting a simple model for the
chemical evolution of an isolated galaxy that neither accretes gas nor removes gas via
galactic winds, i.e. a closed-box model. Much work has been done in developing chemical evolution models, and the ideas presented here are mainly from landmark studies
by Schmidt (1959, 1963), Searle & Sargent (1972) and Pagel & Patchett (1975), but
I adopt the notation and definitions of Pagel (1997) in the following derivation. To
start, a number of simplifying assumptions are adopted for the simple closed-box
chemical evolution model:
1. The total mass M is made constant to represent an isolated system with no
inflow or outflow of material, such that the mass of gas, g(t), and the mass of
gas locked in stars and stellar remnants, s(t), are related by
M = g(t) + s(t) = const.

(9.3)

2. The model galaxy begins with an initial gas mass of pure ‘unenriched’ material
that is yet to form stars, hence
g(0) = M ; S(0) = Z(0) = 0

(9.4)

3. The interstellar medium is well mixed at all times and any newly formed stars
at a particular time t have the same heavy element abundance as the gas i.e.
Z = Z(t).
4. Stellar evolution processes, nucleosynthesis, the ejection of stellar material into
the ISM occur on short time scales (t < 107 yr) compared to the time scales of
galactic evolution i.e. the instantaneous recycling approximation introduced by
Schmidt (1963).
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5. The initial mass function (IMF) φ(m) dm remains constant.
Using assumptions (4) and (5), three constant parameters can be defined.
Here, I adopt α as the proportion of mass in each generation of stars that is retained
in long-lived stars and stellar remnants, β ≡ 1 − α as the proportion of mass ejected
′

in each generation of stars, and p ≡ p /α as the mass of heavy elements ejected into
the ISM per the unit mass retained in long-lived stars and remnants i.e. the yield of
heavy elements (Searle & Sargent, 1972). I can now begin to derive a relationship
between the gas content and the gas-phase metallicity. It is obvious from assumption
(1) that
dg ds
dM
=
+
=0
dt
dt
dt

(9.5)

meaning the mass of gas and the mass of stars evolve according to
dg
ds
= − = e(t) − ψ(t)
dt
dt

(9.6)

where ψ(t) is the star formation rate by mass and e(t) is the ejection rate of material
from stars, meaning that the gas mass changes via the removal of gas by astration
and the replenishment of gas from material expelled into the ISM by dead stars. The
ejection rate is related to the IMF and SFR by applying assumption (5), such that
each star ejects material instantaneously upon death. Defining mrem as the remnant
mass and τm as the lifetime of a star of mass m, then a star is formed at time (t − τm )
if it dies at time t. Thus, the ejection rate is
e(t) =

Z

mU

(m − mrem ) ψ(t − τ (m)) φ(m) dm

(9.7)

mτ =t

The total abundance of a stable (non-radioactive) element in the gas is
d
(gZ) = ez − Zψ
dt

(9.8)

i.e. some of the element is lost from the ISM during the star formation process, but
may be returned to the ISM via the ejection of material from stars. The term ez is
the total amount of metals ejected from stars. Given that fZ (m) is the mass fraction
of a star which is converted into metals and ejected, the ejection rate of these new
metals is
Z mU
m fZ (m) ψ(t − τ (m)) φ(m) dm
(9.9)
enew (t) =
mτ =t
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However, this equation does not take into account the unprocessed material within a
star with a metal abundance of Z(t − τ (m)). The unprocessed material has a mass

of (m − mrem − mfZ (m)) then the total ejection rate of both new and old metals is
eZ (t) =

Z

mU

[(m − mrem − mfZ (m)) Z(t − τ (m)) + mfZ (m)]...

mτ =t

×ψ(t − τ (m)) φ(m) dm

(9.10)

which takes into account recycling of an element without any change in abundance
combined with any increase in the abundance due to nuclear processes in stellar
evolution.
The mass fraction α which remains locked up in stars with long lifetimes and
compact stellar remnants, is given by
α=1−

Z

mU

mτ

(m − mrem ) φ(m) dm

(9.11)

where the subtracted integral is the return fraction R, the fraction of mass in stars
that is returned to the ISM within the lifetime of a star. This is related to the true
yield2 pZ which is the mass of newly produced metals ejected from a generation of
stars in units of the mass that remains locked up in stars with long lifetimes and
compact stellar remnants i.e. pZ ∝ α−1 . In fact,
pZ = α

−1

Z

mU

m fZ (m) φ(m) dm

(9.12)

mt=τ

Invoking the instantaneous recycling assumption (4), Equations 9.7 and 9.11 can be
assumed to describe stars that die instantly so that (t − τm ) becomes t. Thus
e(t) = Rψ(t)
eZ (t) = RZψ(t) + pZ α[1 − Z]ψ(t)

(9.13)

and in the limit of Z ≪ 1 this equation becomes
eZ (t) = RZψ(t) + pZ αψ(t)
2

(9.14)

The true yield refers to the theoretical value from the simple model whilst the effective yield,
pef f , introduced later in the text, is the yield derived from observations.
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Substituting Equation 9.13 into 9.6 and Equation 9.14 into Equation 9.8 respectively
gives
dg
= −αψ ;
dt

(9.15)

d
(gZ) = −αZψ + pZ αψ
dt

(9.16)

and

Now, I solve for the abundance Z of the gas by applying the product rule
dZ
dg
d
(gZ) = g
+Z
dt
dt
dt

(9.17)

which gives
g

dZ
= pZ αψ
dt

(9.18)

Eliminating the time dependence by dividing Equation 9.18 by Equation 9.15 provides
the relation
g

dZ
= −pZ
dg

(9.19)

which can be rearranged to give
Z = pZ ln

g(0)
M
= pZ ln
= pZ ln(µ−1 )
g
g

(9.20)

which is the well known relationship between the metallicity and the gas fraction,
µ = g/M, first explicitly stated by Searle & Sargent (1972). Finally, it can be seen
that for a closed-box model, the ratio Zgas / ln(µ−1 ) should be a constant equal to the
nucleosynthetic, true yield. The above ratio can actually be defined as the effective
yield pef f , such that
pef f ≡

Zgas
ln(µ−1 )

(9.21)

which will be a constant for a galaxy which evolves as a closed-box system i.e. pZ =
pef f .
Edmunds (1990) demonstrated in a series of theorems that the ratio will in fact
be lower due to pristine inflows and enriched outflows of gas. Figure 9.10, adapted
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Figure 9.10: A schematic diagram of metallicity versus the logarithm of the inverse of
the gas fraction µ in the simple chemical evolution model. The straight line shows the
behavior for the closed-box model. The region in the upper left cannot be populated
by systems with outflow or unenriched inflows of gas. This figure was taken from
Garnett (2002), which is adapted from Edmunds (1990).

from Figure 1 of Edmunds (1990), demonstrates the different populated zones on the
Z versus ln(µ−1 ) plot. The simple closed box model considered here is a straight line
in the diagram with a slope equal to the true yield. There is a region of the diagram
where Z is greater than the Z of the simple model, that is forbidden to systems with
outflows or unenriched inflows. In these cases the effective yield is always smaller than
the true yield. Thus, in the context of the simple chemical evolution model, it may
be possible to investigate whether the observed relationship between the metallicities
and gas fractions from the previous section is consistent with the closed-box model,
or whether inflows and outflows of gas are important. For instance, should the M-Z
relation arise due to the variation with the gas fraction (as shown in various panels
of Figure 9.9) then I would expect that the effective yields from the sample should
be constant. On the other hand, a systematic variation of the effective yield with
galaxy mass could indicate that gas flows are important and the closed-box model is
not sufficient to explain the origin of the M-Z relation.
In order to test whether the closed-box model is capable of describing the
relationship between the oxygen abundance and the gas fraction, I first investigate
the effective yield. Figure 9.11 shows the effective yield versus the logarithm of
the stellar mass. Firstly, the dynamical ranges of the effective yield is consistent
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Figure 9.11: The effective yield versus the logarithm of the stellar mass using metallicities derived from the D02 (left panel) and PP04 (right panel) base calibrations, for
all the HRS+ galaxies (blue circles) and the mean yield in stellar mass bins (black triangles). The average yield (dashed black line) and the best fit to the data (solid black
line) are plotted together with the 1σ limits (dashed black line). The plot suggests
that the mean effective yield of oxygen is fairly constant for all stellar masses.

with yields found for the late-type galaxies in Pilyugin et al. (2004). The D02- and
PP04-based yields are similar, with a 0.1 dex systematic offset between the yields,
with averages of pef f = 10−2.4 and pef f = 10−2.5 respectively. Both yields have
a standard deviation of 0.2 dex. These are consistent with the yields reported in
Pilyugin et al. (2004) and Pilyugin et al. (2007). This average effective yield appears
to be fairly constant across the range of stellar mass, although a least squares fit shows
a slight trend present when using both calibrations. The Spearman coefficient of rank
correlation between the two quantities is ρ = −0.25 and ρ = −0.23 for the D02 and

PP04 results, respectively, indicates there is only a weak anticorrelation between the
effective yield and the stellar mass. These values have corresponding probabilities of
P(ρ) > 95%. However, pef f is most scattered towards lower mass systems and this
is likely due to the tendency of the oxygen abundances also being more scattered on
the M-Z relation towards lower stellar masses. Thus, the weak trend observed here
is not likely to be significant and I assume that the average effective yield is constant
across the range of stellar mass.

The observed average pef f values are adopted as the value of the true nucleosynthetic yield pZ in Equation 9.20. In Figure 9.12, I construct diagrams of the
abundance versus the natural logarithm of the inverse of the gas fraction, similiar to
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Figure 9.12: The relationship between the metallicity and the logarithm of the inverse
of the gas fraction µ in the simple chemical evolution model. The straight line shows
the behavior for the closed-box model, which appears to fit the observations (blue
circles), and the 1σ limits (dashed black line). The two panels show the D02-based
(left) and PP04-based (right) results.

the schematic diagram presented in Figure 9.10. With the adopted values, it is evident that the simple closed-box model relating the abundance and the gas fraction fits
the observations reasonably well, considering not only the many assumptions which
go into the derivation of Equation 9.20 but also the differences in the theoretical and
observational gas fractions. The theoretical gas fraction is the ratio of the total gas
mass to the total baryonic mass, whereas the observed gas fraction does not take into
account the molecular hydrogen or helium gas. It is possible that if the measurements
of the neglected gas components were to be included, the plotted points would shift
towards the left, thus reinforcing the fit of the closed-box model. It is important
to note that the model does not fit well the galaxies with lower gas fractions (i.e.
log µ >∼ 3) at higher metallicities. Since it was shown in Figure 9.9 that the Virgo
cluster members typically have the lowest gas fraction, the poor fit is most likely due
to the closed-box model neglecting the removal of gas via environmental mechanisms.
Finally, I show the predictions of the simple closed box model in a slightly different
way, to demonstrate how the model matches the observed relationship between the
oxygen abundance and the gas fraction. In Figure 9.13, I reproduce the 12+log(O/H)
versus log µ plot for the whole sample (as previously shown in Figure 9.9) with the
predicted results from the closed-box model, again using the adopted values for pZ .
Since I used the oxygen abundances given by number relative to hydrogen (i.e. units
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Figure 9.13: The oxygen abundance versus the logarithm of the gas fraction, derived
using the D02 (left panels) and PP04 (right panel) base calibrations. Galaxies (blue
circles) are fitted by the prediction of the closed-box model (solid black line), described
by Equation 9.20, together with the 1σ limits (dashed black line).

of 12+log(O/H)), whereas the value of Z in the chemical evolution equations is given
in units of mass fraction, the conversion from abundance by number to abundance
by mass of
ZO = 12(O/H)

(9.22)

was adopted from Garnett et al. (1997) and Garnett (2002). This conversion was
used to predict the 12+log(O/H) versus gas fraction relationship shown in Figure
9.13 from Equation 9.20. The results suggest that the relationship may be explained
by a galaxy evolving according to a closed-box system, where inflows or outflows of
gas are not so important.
To summarise the main results so far, there is some indication that most of the
galaxies in the sample evolve according to a closed-box model of evolution. At this
point, I cannot rule out a contribution from the inflows or outflows of gas, particularly
when the closed-box model fails to predict the M-Z relation for gas deficient objects
in the Virgo cluster. Indeed, galaxies are not closed systems. In addition, Dalcanton
(2007) showed that it may not be possible to draw conclusions about the impact of
inflows or outflows by using measurements of the effective yields, concluding that
any change to the effective yield due to gas flows may quickly be returned to the
true yield expected by closed-box evolution. As such, galaxies may be observed to
evolve according to a closed-box model despite actually being affected by inflows and
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outflows. Yet, despite these results suggesting that the approach employed here is too
simplistic to discriminate between different evolutionary scenarios, studies using more
accurate and refined chemical evolution models than currently possible in this work
present contrasting results. These different models are tested by Spitoni et al. (2010),
who study some of the possible physical mechanisms that could contribute towards the
M-Z relation via the analytical solutions. They test the cases of inflows and outflows
of gas, variable gas flow rates, and the variable IMF scenario proposed by Köppen
et al. (2007). They conclude that whilst galactic winds and the variable IMF cannot
be excluded as possible explanations for the M-Z relation, the best solution could
be a variable efficiency of the star formation rate with a possible effect of outflowing
gas in lower mass galaxies. Therefore, their findings are partially consistent with the
interpretation seen here.
Thus, as the gas content of a galaxy becomes depleted as stars are formed,
the stars then produce a roughly constant yield of heavy elements and progressively
enrich the ISM as the galaxy evolves. In this scenario, the M-Z relation arises out
of a varying star formation efficiency with galaxy mass, such that low mass galaxies
are less efficient at converting gas into metals. The effects of this are observed in
Figure 9.9: removing the dependence of the metallicity on the stellar mass shows that
the lower mass galaxies have higher gas fractions and lower metallicities, supporting
the notion that a mass-dependent star formation efficiency produces the observed
M-Z relation. Unfortunately, it is not possible to analytically explore the case of
increasing star formation efficiency with increasing mass, since the SFR does not
appear in the solution of the closed-box model derived above. However, this scenario
has recently been studied by Calura et al. (2009), who find that the M-Z relation can
be reproduced using an increasing efficiency of star formation with mass in galaxies
of all morphological types, without any need to invoke inflows of pristine gas or
outflows of enriched gas that favour the loss of metals in the less massive galaxies.
Their findings successfully predict the M-Z relation not just in the local universe, as
studied in this work, but also out to the high redshift universe. Thus, their work
supports the scenario of a varying star formation efficiency.
The conclusion that less massive galaxies are less evolved compared to larger
galaxies, due to the efficiency of star formation being larger in more massive systems, is not a new result. Indeed, the scenario has both observational (e.g Lequeux
et al., 1979; Matteucci, 1994) and theoretical support from N-body simulations (e.g.
Mouhcine et al., 2008). Fortunately, I can observationally test for a variation of star
formation efficiency with mass by using the GALEX NUV magnitudes obtained in
Chapter 3 to estimate the SFR of the HRS+ galaxies. I use the conversion relation
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Figure 9.14: The SSFR versus stellar mass for the HRS+ galaxies (blue circles). The
best fit to the data is shown (black line).

of Iglesias-Páramo et al. (2006), given by
log SF RN U V (M⊙ yr−1 ) = log LN U V (L⊙ ) − 9.33

(9.23)

to determine the SFRs. The ratio of the star formation rate to the stellar mass, called
the specific SFR (hereafter SSFR), compares the present rate of star formation to the
amount of stars made due to the past SF history. Figure 9.14 presents the SSFR
plotted against the stellar mass. It is evident that there is a slight trend between
the SSFR and M∗ , with a Spearman correlation coefficient of ρ = −0.42 (with a
significance of P(ρ) > 99.9 %). Thus, the timescales for the lower mass galaxies to
form their stars at the present rate of SF are shorter than the higher mass galaxies.
This suggests that the high mass systems formed the bulk of their stellar content at an
earlier time. Therefore, these observations support the notion that a variation of the
star formation efficiency across the stellar mass produces the observed M-Z relation.
Lower mass galaxies are less efficient at converting their gas into stars, leading to a
lower metal content compared to systems with higher masses that are able to convert
their gas into stars more efficiently, producing a lower gas content and higher metal
content.
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Conclusions
The aim of this work was to study the chemical evolution of galaxies and, in

particular, the relationship between stellar mass and metallicity. Constraining the
possible explanations behind the origin of the M-Z relation would yield an important
understanding of the dominant processes driving galaxy evolution in the local universe. I used the new spectroscopic observations of field galaxies in the HRS+ sample
(see Chapter 4) combined with the new approach to obtaining reliable metallicity
estimates (see Chapter 8).
I observed the M-Z relation for the HRS+ galaxies, finding it to be consistent
with previous works (Kewley & Ellison, 2008) but identifying possible AGN-host
galaxies contaminating the sample, which were excluded from further analysis. I
used best fit polynomial functions, motivated by previous observations, to determine
the M-Z relations.
I investigated whether any environmental variation in the M-Z relation or the
scatter in the relationship could be present in the HRS+ sample, by looking at the
best fit M-Z relations of galaxies interior and exterior to the Virgo cluster. I found
no evidence suggesting an environmental dependence of either the M-Z relation or
the scatter of relation. Although I cannot rule out the weak environmental trends
reported by some recent studies (e.g. Mouhcine et al., 2007;Ellison et al., 2009), I
concluded that contribution to the scatter of the M-Z relation by the environment
is probably a secondary effect and that the M-Z relation is most likely driven by
internal processes. Indeed, a correlation was found between the metal content and
gas content of a galaxy, which could be described by a closed-box model. As the
gas content of a galaxy becomes depleted as stars are formed, the stars then produce
a roughly constant yield of heavy elements and progressively enriches the ISM as
the galaxy evolves. In this scenario, the M-Z relation arises out of a varying star
formation efficiency with galaxy mass, such that low mass galaxies are less efficient
at converting gas into metals. Whilst I could not exclude other scenarios involving
gas flows, my interpretation of the results is consistent with previous studies.
Overall, I conclude that the chemical evolution of a galaxy is most likely driven
by internal processes and any environmental effects are of secondary importance.
Finally, using metallicity estimates derived from either the D02 or the PP04
calibration as the base metallicity yield similar results. Often, only a systematic shift
was observed between the two sets of results, which is expected due to the relationship
between the two calibrations. Since the same conclusions were reached independently
of the choice of calibration used, it is likely that these conclusions are real and not
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spurious trends introduced via the method of metallicity estimation.
In order to further constrain the conclusions presented here, future studies
using the HRS+ sample should involve a more thorough analytical approach to modelling the different possible scenarios of the chemical evolution models, and not just
rely on the closed-box model. It is important to constrain the contribution, if any, of
galactic winds in low mass galaxies that may also shape the M-Z relation.

