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Abstract

Star formation rate (SFR), metallicity, and mass have been identified as the key to understanding how galaxies form and evolve.
To show the actual contribution of star-formation to the growth of galaxies, specific star formation rate (SSFR) is used in place
of SFR. SSFR is defined as a quantity that measures the SFR per unit galaxy stellar mass. It is the measure of time taken by a
galaxy to form its stellar mass at its current star formation rate. The relation between SSFR and mass separates galaxies into two
populations: those with active star formation and those with little or no star formation. Metallicity is the mass fraction of baryonic
components in metals; it traces the fraction of baryonic mass already converted to stars. The purpose of this paper is to present
results obtained from the investigation of mass, metallicity, and star formation rate relations in dwarf galaxies using data from
Sloan Digital Sky Survey matched with Galaxy and Mass Assembly. 863 emission-line classified star-forming galaxies were
used for this study. Stellar mass was estimated based on an empirical relation from the (g - i) band colour. Ha luminosity was
used to estimate the star formation rate (SFR). Metallicities were estimated using three methods, namely 294, T04 and D02,
which are based on theoretical methods, empirical methods and a combination of both, respectively. Results obtained showed an
increase in star formation rate with mass, with a lot of scatter, which is greater among dwarf galaxies. Towards normal galaxies,
the star formation rate dropped, which may be due to AGN feedback. A decreasing SSFR with mass was obtained, with dwarf
galaxies having higher SSFR than normal galaxies, indicating that star formation contributes more to the growth of dwarf
galaxies, thereby rapidly increasing their stellar mass more than in the normal galaxies. Also, the downsizing effect can be used
to explain this observation. Generally, the results for mass-metallicity (M-Z) relations showed that for all populations, metallicity
increased with mass, with increased scatter in the dwarf galaxy region. The scatter observed in the dwarf galaxy region is due to
the presence of lower metallicity objects. 294 M-Z relation has more scatter than other M-Z relations and has higher metallicities.
Even though the metallicity values for my dwarf galaxies are low compared with other galaxies, they are higher than those of
dwarf irregular galaxies, suggesting that my dwarf galaxy sample is dominated by dwarf galaxies with different morphologies
that have high metallicity, such as dwarf spirals.
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1. Introduction

Star formation rate (SFR), metallicity, and mass have been
identified as the key to understanding how galaxies form and
evolve [4, 5, 13, 18, 19]. Dwarf galaxies are low luminosity
and low mass galaxies. They have absolute B-magnitude, Mg,
fainter than -17 and stellar mass that is less than 10%° Me. Var-
iations in star formation rate and chemical enrichment history
have been observed in dwarf galaxies and the mechanisms re-
sponsible for these variations are still being studied even to
higher redshift (e.g. [7, 25, 31]). Galaxies at high redshifts
have been observed to have lower metallicity compared to
similar sized galaxies at low redshift.[21]. Supernova feed-
back and the interaction between dwarf galaxies and their big-
ger cousins have been suggested as mechanisms that regulate
star formation, gas and metal content [28, 29]. Late-type dwarf
galaxies are more consistent in their star formation over a long
period (even till present day) with short intervals of inactivity
and at different rates [31]. Their ability to sustain star for-
mation is due to the presence of a large amount of gas in their
interstellar medium. Early type dwarf galaxies have little or
no gas content, therefore, are mainly made up of old stars and
have shown no recent star formation with the exception of
NGC 205, Antlia, NGC 185 [25] and some Virgo cluster
early-type dwarf galaxies that have blue central regions, indi-
cating on going or star formation activities [23]. The colour
magnitude diagram and star formation history of some early
type dwarfs (e.g. Carina and Fornax dSphs) show that they
have experienced intense star formation at different times [25,
31] probably due to close interaction with bigger galaxies.

To show the actual contribution of star-formation to the
growth of galaxies, specific star formation rate (SSFR) is used
in place of SFR [4]. SSFR is defined as a quantity that
measures the SFR per unit galaxy stellar mass [3, 25]. Its unit
is an inverse of time; therefore, it is also defined as a measure
of time taken by a galaxy to form its stellar mass at its current
star formation rate [6]. The relations between sSFR and mass
split galaxies into two, those with ongoing star formation and
those with little or no star-formation called the quiescent pop-
ulations, mostly the early-type galaxies.

Metallicity, as defined by [26], is the mass fraction of bar-
yonic components in metals; it traces the fraction of baryonic
mass already converted to stars [18, 19]. Star formation, infall
of metal-poor gas and outflow of enriched materials processed
in stars control metallicity [5]. Its correlation with mass was
first observed by [20] while studying the chemical composi-
tion and evolution of star-forming galaxies. The relation be-
tween metallicity and mass have it that more massive galaxies
have higher metallicity than the low mass galaxies, which has
been associated to metal loss due to supernovae and stellar
wind [19]. Like every other galaxy, dwarf galaxies have com-
plex chemical enrichment and star-formation histories. Low
metallicity in dwarf galaxies has been attributed to galactic
winds associated with supernova explosions and ram pres-
sure/tidal stripping [31]. These mechanisms are very effective
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in removing metal-rich gases from dwarf galaxies because of
their shallow potential which makes unable to retain metal-
rich gas during these turbulent activities, unlike their larger
galaxies. Downsizing effect, as noted by [8] has been used to
explain the low metallicity in low-mass galaxies. In this case,
the star formation in low-mass galaxies occurs more slowly
and over a longer timescale than their massive counterparts,
indicating they have low star formation efficiency due to su-
pernova activity [16, 19]. Also low star formation efficiency
in dwarf galaxies due to downsizing effect has been proposed
to play a role in lowering the metallicity of dwarf galaxies [19].
Other mechanisms proposed include accretion of metal
poor/metal-free gas, changes in the initial mass function
(IMF), steeper IMF slopes and mass range cut-offs [6, 31].

Strong optical emission lines, such as oxygen, nitrogen and
sulphur, have been used as a measure of metal abundance in
galaxies has become very popular among astronomers re-
cently, for example [29, 32, 33]. [32] outlined three ad-
vantages of the use of emission lines:

1) It is not affected by uncertainties due to age and a-en-

hancements.

2) It has a much higher signal-to-noise ratio.

3) It is easier to interpret because it gives the present-day

metallicity.

The only disadvantage of the use of strong emission lines
for estimating metallicity is that it is limited to only star form-
ing galaxies. Dwarf galaxies are mostly star-forming (HII re-
gion) galaxies and display mostly emission lines [16, 28] mak-
ing it more appropriate to use emission lines to estimate me-
tallicity for dwarf galaxies.

The purpose of this paper is to present results obtained from
the investigation of mass, metallicity and star formation rate
relations in dwarf galaxies using data from Sloan Digital Sky
Survey matched with Galaxy And Mass Assembly.

2. Data and Sample Selection

Matched data obtained from Sloan Digital Sky Survey Data
Release 12 (SDSS DR 12) [1] and Galaxy And Mass Assem-
bly (GAMA) Survey Data Release 11 (DR 2) [22] was used in
this study. SDSS being very large photometric and spectro-
scopic survey covering 10,000 deg? of the sky and GAMA is
a multiwavelength spectroscopic survey with high spectro-
scopic completeness of 2 magnitude deeper than SDSS allow-
ing the study of more dwarf galaxies. The galaxies selected
from both SDSS and GAMA surveys are galaxies with abso-
lute G magnitude, Mg, fainter than -20, a redshift range of
0.002 <z <0.1 (so as to remove Galactic stars) and a reliable
redshift with zZWarning = 0 (for SDSS data) and redshift qual-
ity, nQ > 3 (for GAMA data). Galaxies above the spectro-
scopic magnitude limit (r-Petrosian magnitude > 17.77 and
19.8 for SDSS and GAMA respectively) and galaxies with nu-
clear contamination (composite and AGN galaxies) were, also,



American Journal of Astronomy and Astrophysics

http://www.sciencepg.com/journal/ajaa

eliminated using BPT diagram [2] (see Figure 1). Therefore,
863 emission line classified star-forming galaxies are used for
this study.

3. Analysis

3.1. Selection of Star-forming Galaxies via BPT
Diagram

A way of separating star-forming (SF) galaxies from those
with active nuclei was provided by [2] through the use of
strong emission line ratio diagrams, popularly known as BPT
diagrams. These emission line ratio diagrams are
[NIIJA6583/Ha and [OIIJAS007/HB, [OIA6300/Ha and
[OIII]A5007/HB, [SII]AA6717,6731/Ho. and [OIII]A5007/Hp.
Of these three diagrams the most commonly used is the
[NIIJA6583/Ha and [OII]A5007/HP because with this dia-
gram galaxies can be separated into three categories, using the
relations of [16] eqn (1) and [15] egn (2), namely star-forming,
composite and AGN (active galactic nucleus) galaxies. Star-
forming galaxies are galaxies which have star-forming/HII re-
gions, they lie below the Kauffmann and Kewley line diag-
nostics on the BPT diagram. The composite galaxies have a

mixture of the star-forming/HII regions with high metal en-
richment [11] and AGN contaminations, they lie between
Kauffmann and Kewley line diagnostics. They are also called
Transitional objects. AGN galaxies are galaxies that have their
light emission dominated by an active nucleus, they lie above
Kauffmann and Kewley line diagnostics. Below are the rela-
tions of [16] and [15] for the emission line classification of
galaxies.

relations for SF and AGN galaxy separation [16]:

log [0I1I]/HB = 0.61/log([NII]/Ha — 0.47) + 1.19 (1)
relations [15]:
log([01111/HPB) =0.61/log([NII]/Ha — 0.05) + 1.30 (2)

Figure 1 below shows the BPT diagram for the total SDSS-
GAMA matched galaxies. The red dots on the matched sample
are dwarf galaxies; the solid line is the [16] relation and the
dashed line is [15] relation. Star-forming galaxies are below
the dashed line, composite galaxies are between the solid and
dashed line and AGN galaxies are above the solid line. The
galaxies used for this study are 863 emission-line classified
star-forming galaxies (galaxies below the dashed line).

=

log([OTII]AS007 /H3)

log([NTIA6583/Ha)

Figure 1. BPT diagram for the total SDSS-GAMA matched galaxies. The red dots on the matched sample are dwarf galaxies; the solid line is

the [16] relation and the dashed line is [15] relation.

3.2. Stellar Masses

Stellar mass was estimated based on empirical relation pro-
vided by [30] as documented by [12], which can only be used
with the (g - i) band colour.

logM, = —0.68 + 0.73(g — ) — 0.4(M; — M;)  (3)

where M; is the i-band absolute magnitude and M o is the ab-
solute magnitude of the Sun in the i-band given as 4.58. g- and
i-band magnitudes are k corrected to z = 0 therefore the (g - i)
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colour is given by (g - kg) - (i - ki), where kg and k; are the k-
corrections at g and i bands respectively.

3.3. Star Formation Rate (SFR)

We used the Ha luminosity to estimate the star formation
rate (SFR) because it measures the present star formation to
the last 108 years produced by ionizing photons from short-
lived, hot and massive stars [12]. The estimated SFR is based
on the approach of [14] as documented by [12] and [19]. Due
to the size of the diameter of the spectroscopic fibre, which
may be smaller than the source, aperture correction was made
to recover the missed light and obtain the true value of the star
formation rate. We also corrected for stellar absorption in the
Ho equivalent width, EWw,, (A) and dust obscuration. We
used a common value of 1.3A for the stellar absorption equiv-
alent width correction, EW,, as used by [12] and [14].

Below is the expression used to estimate the SFR for the
galaxies classified as star forming/HIl dwarf galaxies:

LHa(W)
1.27x1034

SFRy(Mgyr™) =

(4)

LugW) = (EWyq + EW,) X 10704(Mr=3410) 5

3%x1018 [FHa/FHﬁ 2.36 (5)
[6564.61(1—2)]? 2.86

where M; is the r-band absolute magnitude, z is the redshift,
Lia is the Hq luminosity and Fyo/Frg is the ratio of the H, flux
to the Hg flux known as the Balmer decrement (BD), which
measures interstellar reddening or extinction and has a set
value of 2.86 known as the Case B recombination value.

3.4. Gas Metallicity Measurements

Different metallicity calibrations based on different strong
emission line ratios were described by [17]. These methods
are either based on photoionization models (theoretical meth-
ods), measuring directly the electron temperature of the ion-
ized gas (empirical methods), or both.

For our emission line classified star-forming galaxies we

[12 + 1og(0/H)]z94 = 9.265 — [0.33 x log Rys] — [0.202 x (log R,3)2] — [0.207 x (log R,3)3] — [0.333 x (log Ry3)*]

This calibration is valid for the R2s upper branch at
log([NI1]/[O11]) > -1.2 or 12 + \log(O/H) > 8.4.

The third method used is the [9] method, known as D02, as
described in Appendix A of [17]. This calibration is derived
from metallicities based on the direct method known as the Te
method and the [NII]/Ha strong line ratio. The T. method is
based on metallicities converted from the electron temperature
of a gas estimated from the ratio of [OIII]A4363 line to the
[OHI]A5007 line or any other lower excitation line. The linear
least-square fit in the relationship between these two methods
for ~ 155 HII regions gave the D02 method. The calibration is
given by
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estimated gas metallicities using three methods, which repre-
sent the different groups.

The first method used in measuring metallicities of the gal-
axy samples is based on the line ratios of ([OIII]JAS007/Hp)
and ([NIIJA6583/Ha), referred to as O3N2 parameter.

03N2 = log (0111/15007/HB)

NIIA6583/Ha (6)
The O3N2 parameter is valid for O3N2 < 2. The O3N2 pa-
rameter is calibrated using the empirical method of [27]
known as the PP04 O3N2 and is given by
[12 + 1og(0/H)]ppos = 8.73 — 0.32 x 03N2 )
Metallicity derived by empirical methods, as observed by
[19], yields lower metallicity with ~ 0.3 dex offset. In order to
eliminate low metallicities and offsets of empirical methods
[19] derived a conversion from PP04 O3N2 method to the [32]
theoretical method:

[12 + 1og(O/H)] 194 = 0.1026 + 1.0211 x [12 +
log(0/H)lppoa 8)

where [12+log(O/H)] is the unit of metallicity derived using
oxygen abundance, PP04 and T04 refer to [27] and [32] meth-
ods, respectively. Metallicities derived using the O3N2 pa-
rameter eliminate reddening or extinction corrections and flux
calibration due to the closeness of the emission line ratios [17,
19].

The second method is one of the theoretical methods, [34]
calibrations known as Z94. This method relies on the ratio of
[OI1] and [OIII] to HP line, known as Rz given by

__ ([0111A3727+[0111]AA5007,5007)
= P

Ros 9)

The above equation results in a metallicity estimate that is
either classed as an upper branch or a lower branch and the

division occurs at log([NI]/[O11]) ~ -1.2 or 12 + \log(O/H) ~
8.4 of the theoretical method. The Z94 calibration is given by

(10)
[12 + log(0/H)]poz = 9-12 + 0.73 x log([NII]/Ha) (11)
This calibration is valid for -2.5 < log([NII]/Ha) < -0.3.

4. Results and Discussion

4.1. Star Formation Rate and Specific Star
Formation Rate - Mass Relations

Figure 2 shows the relationship between SFR and sSFR
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with mass. Figure 2a shows an increase in star formation rate
with mass, albeit with a lot of scatter. The scatter is greater
among the dwarf galaxies M+«/Me < 10°, the galaxies that
move away from the steady increasing trend in the plot repre-
sent elliptical and lenticular galaxies in [24]. Towards the
higher mass M«/Mg > 10%° the star formation rate in the gal-
axies drops, which means that as galaxies increase in mass
their star formation rate starts going down due to AGN feed-
backs.

Figure 2b shows a decreasing sSFR with mass and the
dwarf galaxies having higher sSFR than the bigger galaxies,
this means that star-formation contributes more to the growth
of low mass galaxies therefore, they are more rapidly increas-
ing their stellar mass than the bigger galaxies [19]. Another
explanation to this, being given by [29], is the downsizing ef-
fect, the time taken for star formation is longer in dwarf or low
mass galaxies than in massive galaxies.

10
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Figure 2. The relationship between (a) SFR and (b) sSFR with mass.

4.2. Metallicity - Mass Relations

Figure 3 shows the mass-metallicity (MZ) relations for the
three different metallicity calibrations: O3N2 parameter cali-
brated to T04 metallicity [32], D02 method [9] and Z94
method [34], the metallicities values are solar Ze. For the
mass-metallicity plots, the number of galaxies valid within the
O3N2 parameter are 853 galaxies, 858 galaxies for D02 and
838 for the Z94 calibrations. The dwarf galaxies, in all the
plots, have lower metallicity as described above. Also, metal-
licity increases with mass (as expected) and the scatter in

mass-metallicity relations is greater in the low mass galaxies
M../Me < 10°. This was also observed by [33] and suggested
that this was due to the presence of lower metallicity objects.
The Z94 MZ relation has more scatter than other MZ relations
and has higher metallicities, as seen in the next figure. Even
though the metallicity values for low mass galaxies are low
compared with regular/brighter galaxies, but the values are
higher than dwarf irregular galaxies, which indicates that our
dwarf galaxy samples may mostly be dominated by dwarf spi-
rals.
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Figure 3. Metallicity versus stellar mass plots for SDSS-GAMA matched galaxy sample using the three different calibrations: (a) T04, (b) D02
and (c) Z94 respectively. The estimated metallicity values are solar metallicities.
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Figure 4. Plots comparing the three different metallicity calibrations. (a) D02 versus T04, (b) Z94 versus D02 and (c) Z94 versus T04. The

metallicity values are not solar.

Figure 4 compares the different metallicity calibrations.
The Z94 gives higher metallicity than other calibrations (~0.2
dex higher than T04 and 0.5 dex than D02 calibration) fol-
lowed by the T04 method, which is ~0.4 dex higher than D02.
The 794 higher metallicity is expected because the calibration
is a direct photoionization method and this method gives
higher metallicities of about 0.3 dex above other methods. T04
also have higher metallicity but it is about 0.2 dex lower than
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Z94, this may be due to its conversion from the empirical
method of PPO4.

5. Summary and Conclusion

I have presented results obtained from the investigation of
mass, metallicity, and star formation rate relations in dwarf
galaxies using data from Sloan Digital Sky Survey DR 12
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matched with Galaxy And Mass Assembly DR 2. 863 emis-
sion-line classified star-forming galaxies were used for this
study. Stellar mass was estimated based on empirical relation
from the (g - i) band colour. Ha luminosity was used to esti-
mate the star formation rate (SFR). Metallicities were esti-
mated using three methods, namely Z94, T04 and D02, which
are based on theoretical methods, empirical methods, and a
combination of both, respectively. Results obtained showed
an increase in star formation rate with mass, with a lot of scat-
ter, which is greater in the dwarf galaxy region. Towards nor-
mal galaxies, the star formation rate dropped, which may be
attributed to AGN feedback. A decreasing sSFR with mass
was obtained, with dwarf galaxies having higher sSFR than
normal galaxies, indicating that star formation contributes
more to the growth of dwarf galaxies, thereby rapidly increas-
ing their stellar mass than in the bigger galaxies. Also, the
downsizing effect can be used to explain this observation.
Generally, the results for mass-metallicity (M-Z) relations
showed that for all populations, metallicity increased with
mass, with increased scatter and low metallicity in dwarf gal-
axies. This is due to the presence of lower metallicity objects.
The low metallicity observed in dwarf galaxies may be due to
metal loss caused by highly energetic activities associated
with star formation or the downsizing effect. 294 M-Z relation
has more scatter and has higher metallicity value than other
M-Z relations (~0.2 dex higher than T04 and 0.5 dex than D02
calibration) followed by the T04 method, which is ~0.4 dex
higher than D02. This is in agreement with [10]. Z94 higher
metallicity is expected because the calibration is a direct pho-
toionization method and this method gives higher metallicities
of about 0.3 dex above other methods [10]. Even though the
metallicity values for my dwarf galaxy samples are low com-
pared with other galaxies, the values are higher for dwarf ir-
regular galaxies. With SDSS being very large photometric and
spectroscopic survey and GAMA a multiwavelength spectro-
scopic survey with high spectroscopic completeness of 2 mag-
nitudes deeper than SDSS my future research will to investi-
gate the different morphologies of the dwarf galaxies in my
sample. | will, also, probe into the actual reason for the ob-
served low metallicity in my dwarf galaxy samples.
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