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Abstract
We perform a detailed study of the stellar populations in a sample of
Fornax dwarf galaxies using the line strength system of paper 1. Us-
ing data from the Sydney-AAO Multi-object Integral field spectrograph
(SAMI), we measured abundance ratios of 8 dEs in this cluster. Our
sample is representative of the early-type population of galaxies with a
range in mass, going down to about 108 L�. We analyse and interpret
the line strengths, measured in our new high resolution system of indices,
in the context of stellar population models. In this way we can obtain
abundance ratios for a number of elements which have never been stud-
ied before for dwarf ellipticals outside the Local Group, as a function of
galaxy mass and position in the cluster. The results are compared with
abundance ratios from resolved stars in the Local Group, and indices from
integrated light of large galaxies. We find that 5 of our galaxies show a
pattern of abundance ratios consistent with the disk of the Milky Way,
indicating that the formation has been slow. For the 3 others, however, a
different pattern is obtained, which we cannot easily understand at this
moment. This work indicates the large potential of future studies of low
mass stellar systems, with powerful instruments, such as X-Shooter on
the VLT.

galaxies: dwarf elliptical – galaxies: evolution – galaxies: individual(Fornax)
- galaxies: abundances ratios – galaxies: stellar populations – techniques:
spectroscopic
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4.1 Introduction

This paper is the second in a series to understand the stellar populations
of dwarf elliptical galaxies (dEs). In a previous paper in this series we
defined a system of high resolution absorption line indices, consisting of
about 100 indices measuring transitions of about 15 elements. We inves-
tigated their behavior as a function of age, metallicity and abundance
ratio [α/Fe]. (Şen et al. 2019 in prep; hereinafter Paper 1.)

dEs are known to exist in large numbers in galaxy clusters Sandage &
Binggeli (1984). They give us the opportunity to study the star forma-
tion history and chemical evolution onot only of these galaxies, but also
of galaxy clusters themselves. On the other hand they are challenging
to study because they are intrinsically faint and their metallicities are
generally relatively low, so the lines are more difficult to measure.

The stellar populations of galaxies provide a fossil record of their forma-
tion and evolutionary history. Because of this an important tool needed
to study galaxy evolution is stellar population synthesis. The stellar con-
tent and chemical composition of the unresolved stellar populations of
galaxies can be obtained by the study of the observed absorption features
present in their integrated spectra.

Over many years, unresolved stellar populations studies have been done
comparing the integrated colors or absorption lines with the theoretical
predictions for single stellar populations (SSP); that is, an essentially
coeval population of stars formed with a given initial mass function with
the same chemical abundance pattern. For dEs the broadening by stellar
motion is so low, that many more lines are measurable than in giant
galaxies. The stellar populations of dE’s span a wide range of subsolar
metallicities, from [M/H] ∼ -0.1 to -1.5, and old ages, from 1 to 14 Gyr
(Michielsen et al. 2008; Paudel et al. 2010; Koleva et al. 2011; Toloba
et al. 2014a; Şen et al. 2018).

Observational evidence has shown a wide variety of properties for dEs,
showing structure that are not common within the E/S0 population.
Several photometric studies have found the existence of substructures in
these galaxies, like disks, spiral arms, bars, lenses, irregular features (e.g.
Jerjen, Kalnajs & Binggeli 2000; Barazza, Binggeli & Jerjen 2002; Geha,
Guhathakurta & van der Marel 2003; Graham & Guzmán 2003; De Ri-
jcke et al. 2003; Lisker, Grebel & Binggeli 2006; Ferrarese et al. 2006;
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Janz et al. 2012, 2014). Their surface brightness profiles follow nearly
exponential laws, instead of de Vaucouleurs profiles like E galaxies (Fer-
rarese et al. 2006; Lisker et al. 2007). Also, they do not consist of simple,
old and metal rich stellar populations, but span a range in ages and are
relativetly metal poor systems (Michielsen et al. 2008; Koleva et al. 2009).
Kormendy (1985) suggested that they developed their spheroidal, non-
star forming and most likely highly flattened appearance (Lisker, Grebel
& Binggeli 2006; Lisker et al. 2007) during a transformation from a late-
type galaxy when falling into the cluster, in a transformation induced by
the environment, in this way creating the morphology-density relation
(e.g. Boselli & Gavazzi 2014).

Most spectra in the literature have been taken using long-slit spectroscopy,
and are therefore sensitive to aperture effects, with the slit almost always
very narrow. With new Integral Field Spectroscopy (IFU) this problem
disappears, since a large part of a galaxy is covered in the IFU, with
spectra available at multiple positions across the galaxy.

Current IFU surveys (e.g. ATLAS 3D , SAMI, MANGA) do not include
dEs due to low surface brightness and small size. IFS observations of
dEs exist, but number only ∼ 10 objects per study (e.g. Ryś, Falcón-
Barroso & van de Ven 2013; Penny et al. 2016, 2018). These studies
have revealed a diversity of kinematic types among dEs but do not have
the statistical power to constrain the properties of the population. The
advantage of IFUs is that they cover a large part of the galaxy, and
therefore are able to produce high integrated S/N spectra much more
easily than old-fashioned long-slit spectroscopy.

The goal of this paper is to study the processes that formed dwarf ellip-
tical (dE) galaxies by studying their absorption line spectrum in detail.
We therefore use integrated high-resolution IFU spectra of some nearby
dwarfs, with high S/N and high spectral resolution, so that we can mea-
sure the indices of the system we defined in paper 2. Work at such high
resolution has not been done outside the Local Group. Similar to paper
I, we would like to study whether dwarfs are formed in the same way as
galaxies such as the Milky Way, what the timescales of formation are,
whether the abundance distribution from galaxy to galaxy is similar, etc.
At the end of the paper, we will compare our results with the ones of
Conroy et al. (2014), who study the abundance distribution of giant
ellipticals from integrated spectra.
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4.1.1 Outline

The outline of this paper is as follows. In §4.2 and §4.3 , we describe the
spectroscopic data we use in this paper and the instrumental setups used
for the spectroscopic observations, and the main steps in data reduction.
Subsequently, in §4.4 we derive the ages and metallicities of our galaxies
based on some strong Lick indices. In §4.5, we introduce the new set of
high-resolution line indices and present the measurement of them for the
dEs. In §4.6, we compare the galaxies with Pegase-HR SSP models, to
find out how the abundance ratios compare with the ones in the solar
neighborhood. In §4.7, we present the results, ordered by groups of
elements and discuss them. Finally, we conclude our finding in §4.8.

4.2 Observations

Our sample of dE galaxies is a subsample of the sample of dEs observed
by Scott et al. (in preparation) using the SAMI IFU. This sample was
selected from the FDS (Venhola et al. 2018). The selection criteria are
discussed in Scott et al. In summary: the galaxies in this paper are
8 dwarfs with high S/N spectra, stellar masses between 108 M� and
109.2 M�, and with integrated velocity dispersions between 10 and 40
km/s. Venhola et al. classify them as dE. Effective radii of dEs in the
Fornax cluster range from 5-15 arc seconds, which yields coverage of 0.5-
1.5 Re, appropriate for mapping stellar kinematics and extracting stellar
populations representative of the whole galaxy.

All observational data is obtained from the Sydney – Australian Astro-
nomical Observatory (AAO) Multi-Object Integral-Field spectrograph
(SAMI; Croom et al. 2012) which is mounted at the prime focus of the
3.9m Anglo-Australian Telescope (AAT) at Siding Spring Observatory,
New South Wales.

SAMI is based on lightly fused fibre bundles called hexabundles (Bland-
Hawthorn et al. 2011; Bryant et al. 2011, 2014). SAMI consist of 13 hex-
abundles, each hexabundles have an on-sky diameter of 15′′. Besides 13
hexabundles, SAMI also has 26 individual sky fibres which allows us sky
subtraction for all IFU observations without to observe separate blank
sky frames. The SAMI can target 13 galaxies in a single observation, or
more likely 12 galaxies and one standard calibration star, significantly
decreasing the amount of time needed to build a large sample of galaxies
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with IFS data.. This standard star is useful for several important steps
in the data reduction (e.g. telluric correction, absolute flux calibration),
in addition to allowing us to figure out the point spread function and
transmission of each individual observation.

The AAOmega spectrograph is a double-armed spectrograph covering the
blue and red optical regions of the electromagnetic spectrum. AAOmega
allows variable wavelength coverage and spectral resolution in each arm.
Configuration for SAMI uses the 1500V grating in the blue arm, giving
R= λ/∆λ ∼ 5100 over the wavelength range 4660-5430 Å.

For this work we are primarily interested in fitting the stellar absorption
features covered by the blue arm of AAOmega. We therefore analyse
only the blue arm SAMI data.

The observing strategy is taken from the SAMI Galaxy Survey (Sharp
et al. 2015). The galaxies were observed on 4th - 8th Nov 2015 and 26th

- 30th Oct 2016. For each field we aimed to obtain 7 hours (∼ 25, 000
seconds) of on-source integration time. Individual integrations were ∼
1800 s, with dithers of 0."8 (half a fibre diameter) applied between ex-
posures, following a 7-point hexagonal dither pattern, optimised for the
SAMI hexabundles. The dither pattern ensures an even distribution of
S/N over a hexabundle, accounting for the gaps between fibres. This 7-
point dither pattern was repeated twice for each field, yielding ' 25, 000
second total exposure time per galaxy. Arc lamp calibrations and obser-
vations of primary spectophotometric standard stars from the European
Southern Observatory Optical and UV Spectrophometric Standard Stars
catalogue∗ were interspersed with the object exposures at regular inter-
vals.

The dEs galaxies were observed with SAMI using the 1500V grating in
the blue arm. 1500V provides a spectral resolution sufficient to resolve
the typical velocity dispersion of dwarf galaxies of 20-30 km s−1, while
still covering the principal stellar absorption features (e.g. Hβ, Fe5015,
Mgb) and the newly defined high-resolution line indices Paper 1 designed
to measure stellar population properties.

∗ Available at:
https://www.eso.org/sci/observing/tools/standards/spectra.html
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Figure 4.1 – Map of the Fornax cluster. The black and blue symbols
correspond to early-type dwarfs and late-type dwarfs from Venhola et
al. (2018), respectively. The red stars represent our sample. The green
dotted circle and lashed circle shows the core (Ferguson 1989) and the
virial radius of 2.2 deg (∼ 0.7 Mpc, Drinkwater et al. 2001) respectively.
The green cross shows the central galaxy NGC 1399.

4.3 Data Reduction

The reduction of the SAMI observations is described in Scott et al. (2018),
with further details provided in Sharp et al. (2015) and Green et al.
(2018). Our SAMI data were reduced using the sami Python package
(Allen et al. 2015). Here we briefly summarise the process and give in
detail the changes since the previous works.

The SAMI data reduction was performed in two main steps; the first takes
the data from raw observed frames to Row-Stacked Spectra (RSS) frames,
which is handled primarily to partially calibrated spectra from each fibre
of the instrument, including spectral extraction, the standard steps of
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bias subtraction, flat-fielding, wavelength calibration and sky subtraction
by the two-degree field data reduction software package (2dfDR∗). The
second step takes the data from RSS frames to flux-calibrated, three-
dimensional data cubes, utilising purpose-built Python software as part
of the sami package. The entire process is overseen by the sami Python
manager.

Moreover, spectra corresponding to individual fibres are extracted us-
ing ‘tramlines’ fit to observations of the twilight sky. Subsequent to the
fibre extraction, telluric correction and relative and absolute flux cali-
bration steps are performed utilising the spectrophometric standard star
and standard calibration star observations. Finally, the data for each
individual object are extracted from the RSS frames and combined into
a three-dimensional data cube using a drizzle-based algorithm.

We analyze 8 dwarf elliptical galaxies which have been classified as cluster
members in Venhola et al. (2018). In Fig. 4.1 we show the locations of
our galaxies in Fornax cluster.

Here we provide only a brief summary of our technique for the data reduc-
tion; more details on sample selection, observations and data reduction
are presented in Scott et al. 2019 (S19).

4.4 Determination Age and Metallicity
Luminosity-weighted ages and metallicities are estimated using age-sensitive
(Hβ and Hβo) and metallicity-sensitive (Fe5015 and Mgb) Lick spectral
indices (Worthey 1994) measured in the LIS-5 Å system (Vazdekis et al.
2010). Since these indices are not only dependent on age and metallicity,
but also on abundance ratios, we also use the abundance-ratio insen-
sitive index combination [MgFe50] (Kuntschner et al. 2010) and Hβo
index (Cervantes & Vazdekis 2009) which is somewhat less dependent on
metallicity than the Lick Hβ index. For this we used an MCMC (Markov
Chain Monte Carlo) code to derive the age and metallicity of the best
fitting MILES single stellar population models.

We estimate the best luminosity weighted age and metallicity from all
available index-index combinations by effectively computing the "dis-
tance" from our measured indices to all predicted values on the model
grids, and finding the age and metallicity combination with the mini-
∗ https://www.aao.gov.au/science/software/2dfdr
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mum total distance. The age and metallicity values for each index-index
diagram and associated uncertainties were derived using 1000 MCMC it-
eration of the fit. To reduce the effects of the grid discretization, the two
relevant parameters (e.g. age and metallicity) were interpolated. Uncer-
tainties were calculated by performing Monte Carlo simulations, making
use of the observational error in each index. In Table ?? we list the best
fitting parameters for ages and metallicities that are determined using
combinations of all age sensitive lines and all metal indicators.

Fig. ?? show index-index plots where we have restricted the age to the
interval 2.0 - 14.0 Gyr, and the metallicity range from -1.26 to 0.26,
which includes the range covered by the galaxies in our sample. We use
the solar-scaled theoretical isochrones in the model grids from Vazdekis
et al. (2010), the left panel is shown Hβ vs. Mgb comparison with dEs
in Virgo Cluster (Şen et al. 2018) in Fig. ??. More index-index plots of
age-sensitive vs. metallicity sensitive indices are shown in Fig. 2.1.

4.5 High-resolution line strength measure-
ments

Contrary to massive galaxies, high resolution spectroscopy can provide
accurate measurements of numerous absorption lines for many different
chemical elements in dwarf galaxies, and therefore provide an accurate
method of determining detailed abundance patterns in galaxy. Absorp-
tion feature indices are an effective way of analysing results as one can
reduce spectral data to a single number plus its error.

In this work we study a new set of high-resolution spectral indices (paper
1), analogous to the Lick system, which make it possible to study the
abundance ratios in systems with low stellar velocity dispersion. The
index name correspond to the element that the index targets, along with
the center wavelength of the index passband.

SAMI utilized the 1500V grating in the blue arm, giving R∼5100 over
the wavelength range 4660-5430 Å. We measured that of the 88 indices
of paper I with using the package REDUCEME (Cardiel 1999), we could
not use the 25 ones because of the range of wavelength coverage. For our
galaxies the index measurements with errors in angstroms of equivalent
width which we used in this work are given in Table 4.2 and 4.3. All
measured indices are shown in Table 4.4 and 4.5.
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Figure 4.2 – The left panel shows spectral index-index diagrams used to
estimate the stellar populations using solar-scaled theoretical isochrone
grids with IMF slope of 1.3 from Vazdekis et al. (2010) in the system
LIS-5 Å, solid lines indicate constant age 2.0, 3.5, 5.5, 10.0 and 14.0
Gyr, respectively while dotted lines indicate constant [M/H] -1.26, -0.65,
-0.35, +0.06 and +0.26, respectively. The right panel shows Hβ vs. Mgb
comparison with dEs in Virgo Cluster (Şen et al. 2018).
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Table 4.2 – High-resolution spectral indices (paper 1), age and metallic-
ity, measured for 4 dEs (FCC135, FCC136, FCC164, FCC182) in Fornax
cluster.

FCC135 FCC136 FCC164 FCC182
Log age (Gyr) 1.15 ±0.14 1.15 ±0.13 0.74 ±0.07 1.08 ±0.12
[Fe/H] -0.35 ±0.06 -0.28 ±0.15 -0.56 ±0.16 -0.04 ±0.19
Indeks
Ba2 0.361 ±0.056 0.409 ±0.036 0.333 ±0.060 0.401 ±0.016
Ca4878 0.075 ±0.023 0.092 ±0.015 0.123 ±0.025 0.087 ±0.007
Ca5020 0.048 ±0.026 0.111 ±0.017 0.157 ±0.027 0.066 ±0.008
Ca5041 0.991 ±0.074 1.454 ±0.045 0.786 ±0.083 0.944 ±0.021
Ca5188 0.065 ±0.034 -0.005 ±0.022 -0.025 ±0.037 -0.007 ±0.010
Ca5261 0.275 ±0.042 0.387 ±0.026 0.368 ±0.043 0.359 ±0.011
Cr4789 0.229 ±0.049 0.353 ±0.030 . . . 0.378 ±0.014
Cr4942 0.133 ±0.040 0.151 ±0.025 0.077 ±0.044 0.186 ±0.011
Cr5072 0.134 ±0.030 0.159 ±0.019 0.115 ±0.032 0.191 ±0.008
Cr5247 0.231 ±0.041 0.245 ±0.027 0.175 ±0.044 0.262 ±0.011
Cr5265 0.605 ±0.048 1.001 ±0.028 0.692 ±0.050 1.035 ±0.012
Cr5275 0.268 ±0.048 0.406 ±0.030 0.246 ±0.051 0.404 ±0.013
Fe4891 0.504 ±0.047 0.612 ±0.030 0.472 ±0.049 0.708 ±0.013
Fe4920 0.944 ±0.083 1.257 ±0.052 1.116 ±0.086 1.389 ±0.022
Fe4938 0.666 ±0.073 0.867 ±0.046 0.521 ±0.080 0.964 ±0.020
Fe5226 0.812 ±0.093 0.898 ±0.059 0.767 ±0.100 0.931 ±0.025
Mgb 2.288 ±0.272 2.822 ±0.173 2.213 ±0.294 3.367 ±0.037
Mn4783 0.152 ±0.049 0.324 ±0.030 . . . 0.269 ±0.014
Mn4823 0.183 ±0.039 0.196 ±0.025 0.004 ±0.044 0.237 ±0.011
Mn5255 0.214 ±0.047 0.309 ±0.029 0.266 ±0.048 0.292 ±0.012
Na4978 0.102 ±0.043 0.120 ±0.028 -0.002 ±0.048 0.132 ±0.012
Nd5192 0.273 ±0.031 0.297 ±0.020 0.340 ±0.034 0.351 ±0.008
Ni4752 -0.027 ±0.037 -0.020 ±0.025 . . . 0.315 ±0.011
Ni5036 0.350 ±0.048 0.429 ±0.030 0.261 ±0.054 0.256 ±0.014
Sc5083 0.184 ±0.041 0.350 ±0.025 0.177 ±0.043 0.403 ±0.011
Ti5014 0.379 ±0.043 0.460 ±0.027 0.270 ±0.044 0.441 ±0.012
Ti5064 0.264 ±0.044 0.375 ±0.027 0.090 ±0.049 0.312 ±0.012
Ti5129 0.124 ±0.036 0.181 ±0.023 0.112 ±0.038 0.203 ±0.010
V4832 0.084 ±0.044 0.159 ±0.028 0.042 ±0.049 0.232 ±0.012
V4881 0.091 ±0.047 0.198 ±0.030 0.320 ±0.048 0.226 ±0.013
V4924 0.481 ±0.054 0.526 ±0.034 0.421 ±0.058 0.605 ±0.015
Y4854 0.128 ±0.041 0.076 ±0.027 0.127 ±0.045 0.143 ±0.012
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Table 4.3 – High-resolution spectral indices (paper 1), age and metallic-
ity, measured for 4 dEs (FCC202, FCC203, FCC211, FCC222) in Fornax
cluster.

FCC202 FCC203 FCC211 FCC222
Log age (Gyr) 1.08 ±0.05 1.12 ±0.26 1.05 ±0.04 0.85 ±0.14
[Fe/H] -0.56 ±0.15 -0.32 ±0.16 -0.66 ±0.07 -0.66 ±0.09
Indeks
Ba2 0.274 ±0.019 0.219 ±0.066 0.320 ±0.051 0.355 ±0.022
Ca4878 0.091 ±0.008 0.056 ±0.028 0.023 ±0.021 0.091 ±0.009
Ca5020 0.049 ±0.009 0.077 ±0.029 0.099 ±0.023 0.017 ±0.010
Ca5041 0.945 ±0.025 1.108 ±0.081 0.742 ±0.065 1.015 ±0.028
Ca5188 0.009 ±0.011 -0.005 ±0.037 0.016 ±0.029 0.002 ±0.013
Ca5261 0.314 ±0.013 0.327 ±0.043 0.253 ±0.035 0.215 ±0.015
Cr4789 0.261 ±0.016 0.338 ±0.050 0.245 ±0.043 0.314 ±0.018
Cr4942 0.131 ±0.014 0.034 ±0.047 0.108 ±0.036 0.167 ±0.015
Cr5072 0.158 ±0.010 0.177 ±0.033 0.130 ±0.027 0.180 ±0.012
Cr5247 0.214 ±0.013 0.125 ±0.044 0.194 ±0.035 0.194 ±0.015
Cr5265 0.813 ±0.014 0.800 ±0.047 0.620 ±0.040 0.677 ±0.017
Cr5275 0.342 ±0.015 0.331 ±0.049 0.258 ±0.041 0.292 ±0.017
Fe4891 0.617 ±0.016 0.393 ±0.056 0.330 ±0.045 0.515 ±0.019
Fe4920 0.968 ±0.028 0.778 ±0.097 0.711 ±0.077 0.928 ±0.032
Fe4938 0.675 ±0.025 0.492 ±0.086 0.545 ±0.067 0.879 ±0.028
Fe5226 0.771 ±0.029 0.865 ±0.099 0.520 ±0.081 0.831 ±0.033
Mgb 2.495 ±0.087 2.097 ±0.297 1.984 ±0.228 1.858 ±0.102
Mn4783 0.173 ±0.017 0.221 ±0.051 0.233 ±0.042 0.140 ±0.019
Mn4823 0.183 ±0.013 0.239 ±0.042 0.146 ±0.035 0.104 ±0.015
Mn5255 0.260 ±0.015 0.288 ±0.048 0.153 ±0.039 0.300 ±0.017
Na4978 0.013 ±0.015 0.071 ±0.050 0.075 ±0.038 -0.058 ±0.018
Nd5192 0.300 ±0.010 0.180 ±0.034 0.229 ±0.027 0.279 ±0.012
Ni4752 0.040 ±0.013 0.137 ±0.040 -0.051 ±0.035 -0.028 ±0.015
Ni5036 0.259 ±0.017 0.400 ±0.053 0.301 ±0.042 0.265 ±0.019
Sc5083 0.328 ±0.013 0.235 ±0.044 0.259 ±0.035 0.223 ±0.016
Ti5014 0.374 ±0.014 0.388 ±0.047 0.331 ±0.041 0.318 ±0.017
Ti5064 0.250 ±0.015 0.331 ±0.048 0.229 ±0.039 0.295 ±0.017
Ti5129 0.210 ±0.012 0.128 ±0.039 0.110 ±0.030 0.269 ±0.013
V4832 0.147 ±0.015 0.202 ±0.047 0.073 ±0.039 -0.002 ±0.017
V4881 0.184 ±0.016 0.056 ±0.055 0.050 ±0.044 0.127 ±0.019
V4924 0.384 ±0.019 0.333 ±0.063 0.306 ±0.049 0.469 ±0.021
Y4854 0.101 ±0.014 0.196 ±0.045 0.137 ±0.037 0.109 ±0.016
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Figure 4.3 – Comparison between index values of ELODIE models and
galaxies for Ca lines

4.6 Comparison of data with models
We use single age and metallicity (SSP) stellar population models com-
puted with the evolutionary synthesis code: PEGASE.HR (Le Borgne
et al. 2004). These models are based on the empirical stellar library
ELODIE.3 (Prugniel & Soubiran 2001, 2004) which has a range of -1.7
to 0.4 in metallicity [Fe/H] and 1 Myr to 20 Gyr in age.

We measured the indices of the PEGASE.HR models with instrumental
resolution σ= 25 kms−1(which corresponds to R=5000) and the indices
were measured on the model spectra after smoothing all gaxies to σ= 40
kms−1. This way all galaxies could be compared at once.

4.7 Discussion
In this work we present ages, metallicities and the measurements of ab-
sorption line-strengths for a new set of high-resolution indices. For the in-
terpretation of these high-resolution indices we focus on 32 indices which
show good correlation with mass to study the abundance measurement.



4

4.7: Discussion 121

Figure 4.4 – Comparison between index values of ELODIE models and
galaxies for Na line

Figure 4.5 – Comparison between index values of ELODIE models and
galaxies for Mg line

Figure 4.6 – Comparison between index values of ELODIE models and
galaxies for Ti lines
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Figure 4.7 – Comparison between index values of ELODIE models and
galaxies for Cr lines
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Figure 4.8 – Comparison between index values of ELODIE models and
galaxies for Mn lines

Figure 4.9 – Comparison between index values of ELODIE models and
galaxies for Ni lines
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Figure 4.10 – Comparison between index values of ELODIE models and
galaxies for Sc lines

Figure 4.11 – Comparison between index values of ELODIE models and
galaxies for V lines

The other indices are mostly so faint that we fear that they are less
reliable. We do this separating the indices into different groups.

The group of chemical element, which are the so-called alpha elements,
e.g., O, Mg, Ca, Si and Ti, are predominantly synthesised by alpha cap-
ture during the various burning phases in massive stars, and expelled
into the ISM by SN II explosions. The abundances of the α-elements in-
crease very quickly with time, due to the relatively short main-sequence
lifetimes of massive stars. Another group of elements are the Fe-peak
elements (Ni, Co, Fe, Mn, etc.) which are mainly produced by SN Ia,
whose progenitor lifetimes are much longer. As the evolution of chemical
abundances in a given system is closely related to the history of its star
formation, abundance ratios such as [α/Fe] can be used to explore the
SFH for galaxies.

Heavier elements beyond the iron peak, such as Ba, Nd, Y and are syn-
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Figure 4.12 – Comparison between index values of ELODIE models and
galaxies for heavy elements lines

thesized by neutron capture where the two important processes occur
(the s- and r- processes), followed by β decays. These two processes lead
to two characteristic abundance patterns. We now discuss these groups
in detail.

4.7.1 α-elements: Ca, Na, Mg and Ti

Calcium: The Calcium lines present in this wavelength range are at 4878
Å, 5041 Å, and 5261 Å . The Calcium line strengths are very close to
the ones expected from solar abundance ratios. Fig. 4.3 shows the ratio
between the observed galaxy and the ELODIE models, compared for
the same age and metallicity as the observed galaxy. The three galaxies
(FCC135, FCC202, FCC203) show higher values in the three Ca indices.

Sodium: Sodium can be measured using the strong Na absorption fea-
tures in the optical: NaD (5890 and 5896 Å). In this work for the measure-
ments of sodium, only one Na line is available in the observed wavelength
range, at 4978 Å. The Na4978 is showing low values compared to model
measurements in the dEs as shown in Fig. 4.4. The result is in good
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agreement with our previous paper (Şen et al. 2018).

Magnesium: Magnesium is easily measured from the Lick IDS index
Mgb in the observed wavelength range. Mg is produced by massive stars
during the hydrostatic He burning phase. We found that some indices do
correlate with mass. Mgb shows a very strong relation with mass even
at these low masses, and in such a small mass window. We present the
comparison of the observed spectra and the model spectra in Fig. 4.5.
The sample of this paper is a bit fainter than our previous Virgo dEs
hence Mg is slightly lower than solar, in quite good agreement with Şen
et al. (2018).

Titanium: The wavelength region observed with the SAMI is ideal to
measure three of the titanium lines which do correlate with mass. They
are shown in Fig. 4.6. Ca, and Ti are mostly produced during SN II
explosions. For this reason, Ca and Ti generally trace one another. In
this work Ti is lower than model predictions. The same three galaxies,
interestingly, also show high abundances of Ti.

4.7.2 Fe-peak elements: Cr, Mn, Ni, Sc, V and Fe

Iron peak elements are produced in complex nucleosynthesis process. Fe,
Co, Ni are produced mainly by complete explosive Si burning in the
deepest layers. McWilliam et al. (1995) found that [Co/Fe] increases
with decreasing [Fe/H]. Cr, Mn and V are produced mainly in the outer
incomplete Si-burning layers, while Sc is synthesized during explosive
Oxygen / Neon burning. Sc is a transition element and intermediate
between the alpha-elements and the iron-peak elements.

Chromium: Cr lines are represented with 6 lines in the observed wave-
length range. All Cr lines show a good relation with mass as shown in
Fig. 4.7. The results of a comparison of the model prediction and galaxy
values show that the galaxy measurements are slightly below 0, except
for three galaxies for three indices. Here the same these three galaxies
behave differently.

Manganese: Mn lines can be measured with 6 lines (shown in Fig. 4.23)
in the observed wavelength range, where three lines (at 4783 Å, 4823 Å
and 5255 Å ) have a good correlation with mass. They all show slightly
below solar abundance ratios in Fig. 4.8.

Nickel: Ni is well-defined by 2 lines at 4752 Å and 5036 Å. Fig. 4.9
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shows that the measurements of the galaxies are lower than the values
predicted by the models. The same three galaxies show again peculiar
behaviour for the measurement of Ni5036.

Scandium: Scandium is represented by one line at 5083 Å which shows
very good correlation with mass. Here again these three galaxies show
higher abundances, as is in the last panel of Fig. 4.10.

Vanadium: Five Vanadium lines are generally visible in our spectral data,
where two of them (at 4832 Å and 4924 Å ) correlate with mass. In Fig.
4.11 they all show slightly lower abundance ratios than solar.

Since the models which we used in this work are made from stars with
solar abundance ratios, since they are stars that are so bright that they
could be observed with the ELODIE spectrograph, and are therefore
very nearby solar neighborhood stars, we expect that the group of Fe-
peak elements will be seen as slightly under abundant. Our results are
consisted with this.

4.7.3 Neutron capture elements: Ba, Y, Nd

Heavy elements are those with atomic number higher than 30, like Yt-
trium (Y), Barium (Ba) and Neodymium (Nd). They can only be pro-
duced by neutron capture elements that are exposed to high neutron flux.
Iron peak elements are the most efficient seeds to capture neutrons to cre-
ate heavier elements. There are two main paths to form these elements:
the s-process (or slow process) and the r-process (rapid process).

The s-process (or slow-process) occurs when the neutron flux is not very
high, so that the intervals between neutron captures are long compared
to the beta decay characteristic timescale of an unstable nucleus.

Tolstoy, Hill & Tosi (2009) compare Ba, Y and Eu abundances in dSph
and in the Milky Way. In dSphs, the early evolution of all neutron-
capture elements is dominated by the r-process, after which the s-process
starts taking over from the r-process. The metallicity of switch from r-
to s- process is the same as the [α/Fe] knee ([Fe/H] ∼ -1.8). In the Milky
Way, Ba and Y are dominated by the r-process for [Fe/H] ≤ -2.0, while
the s-process leads at higher metallicities, for instance more than 80 %
of the solar Ba is originating from the s-process.

Barium: is represented by one line , Yttrium: is well-defined at 4854 Å
in our dwarfs and Neodymium: can be measured by one line at 5192 Å
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which has good correlation with mass. All heavy elements show slightly
lower abundances than solar.

4.7.4 Abundance Ratios of dEs

The main results from this paper are summarized in Fig. 4.13, where we
show the abundance behaviours of 11 elements and provide a comparison
to massive ellipticals with two different velocity dispersion by Conroy,
Graves & van Dokkum (2014). We analyse our galaxies into two different
groups due to the fact that three objects,FCC135, FCC202 and FCC203,
show different trends as the others. They are generally more abundant
than the model values.

The [Mn/Fe] ratios are studied by Gratton (1989) that found quite de-
ficient from [Fe/H] 0.0 to -1.0. The [Mn/Fe] ratios is studied in galactic
bulge and the Sagittarius dwarf spheroidal galaxy by McWilliam (2003).
A general trend of [Mn/Fe] decrease with decreasing [Fe/H], but while the
bulge follows roughly the solar neighborhood [Mn/Fe] trend, the trend
of dSph in Sagittarius is lower by ∼ 0.2 dex. The abundance V has not
been well studied but [V/Fe] is found ∼ 0.0 at all metallicities (Grat-
ton & Sneden, 1991). If the Mn deficiencies are due to a neutron excess
dependence, then V and Sc are also expected to follow the same trend,
which is observed for our 5 dEs.

Na is a very interesting element. It is produced in the interiors of massive
stars and depend on the neutron excess, which means that it depends on
the initial heavy element abundance in the star. We find that Na line
shows low values compared to model measurements in the dEs. These
results are in good agreement with the results from Şen et al. (2018)
which showed that in Virgo dEs have the unusual behaviour that [Na/Fe]
is under-abundant w.r.t. solar.

For most of our galaxies we find that the abundance ratios of all elements
are solar or lower than solar. This means that these dwarf galaxies form
their stars slowly, like the disk of our Milky Way. For Mg and Ca we
had seen this effect already in Şen et al. (2018). This behavior fits nicely
on a trend of increasing mass, from dwarfs, through Milky-way type
galaxies, to the most massive giant galaxies, as analyzed by Conroy et
al. (2014). Galaxies with σ ∼ 100 km/s have abundance ratios that are
mostly somewhat larger than solar, while in massive galaxies the alpha-
elements are enhanced, together with a few other element (see Conroy et
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al. 2014). Na shows a different relation, being significantly lower than
solar for dwarfs as compared to solar, and higher than solar for giant
ellipticals (e.g. Smith et al. 2015).

Disk-like abundance ratios, i.e. slow formation, agrees with our under-
standing of these dwarf ellipticals being formed from star forming dwarfs
(e.g. dwarf irregulars) losing their interstellar medium when entering
the cluster through ram pressure stripping (see e.g. Choque-Challapa et
al. 2019). Such progenitors have similar amounts of rotational support
(Scott et al. 2019), exponential surface brightness profiles, etc.

Discussing the abundance ratios of the three outlines is more complicated.
These are three dwarfs with, each of them, enhanced [Na/Fe], [Ti/Fe] and
[Mn/Fe]. This makes them more similar to massive galaxies. However,
other elements, such as Mg and Co, behave like the other dwarfs. We
have to say that we do not understand the abundance pattern of these
3 galaxies. The fact that they are so similar to each other indicates that
systematic errors are not so likely, though.
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Figure 4.13 – Summary of the abundance trends derived here from our work and gEs (Conroy et al. 2014).
Note that the abundance ratios of the dwarfs are not calibrated. We only can say if they are higher or lower
than solar.
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4.8 Conclusions
• This is the first time an attempt has been made to determine abun-

dance ratios of many elements in small, unresolved galaxies outside
the Local Group.

• We analysed the measurements of absorption line-strengths in our
new high resolution system of indices for a sample of 8 Fornax
dwarf galaxies. This sample has been classified as cluster members
in Venhola et al. (2018).

• Our sample of dE galaxies were observed using SAMI at the AAT,
using the 1500V grating in the blue arm. We measure age-sensitive
and metallicity-sensitive Lick spectral indices in the LIS-5 Å flux
calibrated system and apply the MILES models to determine age
and metallicity. We derive age and metallicity estimates of 8 dEs.

• Taking advantage of the high resolution spectral data we are also
able to calculate the new high resolution indices of our SAMI data
and compare compare them with PEGASE.HR for galaxies with a
velocity dispersion of 40 km/s.

• We select 32 indices for which the index correlates well with mass
and focus on studying the behaviour of the abundance ratios.

• We show the abundance behaviour of 11 elements and compare
with massive galaxies by Conroy, Graves & van Dokkum (2014) as
a function as a function of velocity dispersion. For the majority of
our galaxies we find that dwarf galaxies have abundance ratios that
are slightly lower than solar. This is what one expects when one
extrapolates the results of Conroy, Graves & van Dokkum (2014)
to lower masses.

• For Na we find that the galaxies have [Na/Fe] ratios that are con-
siderably lower than solar. This result is in good agreement with
Virgo dEs which found that the [Na/Fe] is under-abundant w.r.t.
solar (Şen et al. 2018) .

• The comparison of models with our data of dEs shows the remark-
able variety in the behaviour of three objects which are FCC135,
FCC202 and FCC203, shows that three of the objects show a dif-
ferent abundance pattern, that is the same in all three.
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Appendix

4.A Some extra material
If you want to present additional material which would interrupt the flow
of the main paper, it can be placed in an Appendix which appears after
the list of references.
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Figure 4.14 – Spectral index-index diagrams used to estimate the stellar
populations using solar-scaled theoretical isochrone grids with IMF slope
of 1.3 from Vazdekis et al. (2010) in the system LIS-5 Å, solid lines
indicate constant age 1.0, 2.0, 3.5, 5.5, 10.0 and 14.0 Gyr, respectively
while dotted lines indicate constant [M/H] -1.76, -1.26, -0.65, -0.35, +0.06
and +0.26, respectively.
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Figure 4.15 – Same as Fig.4.14

Figure 4.16 – Comparison between index values of ELODIE models and
galaxies for Na line

Figure 4.17 – Comparison between index values of ELODIE models and
galaxies for Mg line
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Figure 4.18 – Comparison between index values of ELODIE models and
galaxies for Ti lines
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Figure 4.19 – Comparison between index values of ELODIE models and
galaxies for Ti lines
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Figure 4.20 – Comparison between index values of ELODIE models and
galaxies for Ti lines
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Figure 4.21 – Comparison between index values of ELODIE models and
galaxies for Ti lines
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Figure 4.22 – Comparison between index values of ELODIE models and
galaxies for Cr lines
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Figure 4.23 – Comparison between index values of ELODIE models and
galaxies for Mn lines
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Figure 4.24 – Comparison between index values of ELODIE models and
galaxies for Sc lines

Figure 4.25 – Comparison between index values of ELODIE models and
galaxies for Co lines
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Figure 4.26 – Comparison between index values of ELODIE models and
galaxies for V lines
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Figure 4.27 – Comparison between index values of ELODIE models and
galaxies for heavy elements lines
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Table 4.4 – All high-resolution spectral indices (chapter 3) are measured
for 4 dEs (FCC135, FCC136, FCC164, FCC182) in Fornax cluster

Indeks FCC135 FCC136 FCC164 FCC182

Ba2 0.36 ±0.06 0.41 ±0.04 0.33 ±0.06 0.40 ±0.02
Ca4878 0.08 ±0.02 0.09 ±0.02 0.12 ±0.03 0.09 ±0.01
Ca5020 0.05 ±0.03 0.11 ±0.02 0.16 ±0.03 0.07 ±0.01
Ca5041 0.99 ±0.07 1.45 ±0.05 0.79 ±0.08 0.94 ±0.02
Ca5188 0.07 ±0.03 -0.01 ±0.02 -0.03 ±0.04 -0.01 ±0.01
Ca5261 0.28 ±0.04 0.39 ±0.03 0.37 ±0.04 0.36 ±0.01
Co4867 0.01 ±0.04 0.03 ±0.02 0.15 ±0.04 0.07 ±0.01
Co5230 0.07 ±0.03 0.07 ±0.02 0.09 ±0.04 0.14 ±0.01
Cr4789 0.23 ±0.05 0.35 ±0.03 . . . 0.38 ±0.01
Cr4942 0.13 ±0.04 0.15 ±0.03 0.08 ±0.04 0.19 ±0.01
Cr5072 0.13 ±0.03 0.16 ±0.02 0.12 ±0.03 0.19 ±0.01
Cr5247 0.23 ±0.04 0.25 ±0.03 0.18 ±0.04 0.26 ±0.01
Cr5265 0.61 ±0.05 1.00 ±0.03 0.69 ±0.05 1.04 ±0.01
Cr5275 0.27 ±0.05 0.41 ±0.03 0.25 ±0.05 0.40 ±0.01
Fe4733 0.19 ±0.03 0.09 ±0.02 . . . 0.14 ±0.01
Fe4736 0.31 ±0.05 0.19 ±0.03 . . . 0.29 ±0.01
Fe4768 0.08 ±0.03 0.09 ±0.02 . . . 0.18 ±0.01
Fe4776 0.02 ±0.03 0.04 ±0.02 . . . 0.02 ±0.01
Fe4836 -0.02 ±0.02 0.03 ±0.02 -0.03 ±0.03 0.02 ±0.01
Fe4871 0.29 ±0.07 0.40 ±0.04 0.42 ±0.07 0.64 ±0.02
Fe4888 0.24 ±0.04 0.30 ±0.02 0.31 ±0.04 0.35 ±0.01
Fe4891 0.50 ±0.05 0.61 ±0.03 0.47 ±0.05 0.71 ±0.01
Fe4910 0.52 ±0.09 0.62 ±0.06 0.64 ±0.09 0.73 ±0.03
Fe4920 0.94 ±0.08 1.26 ±0.05 1.12 ±0.09 1.39 ±0.02
Fe4938 0.67 ±0.07 0.87 ±0.05 0.52 ±0.08 0.96 ±0.02
Fe4957 0.45 ±0.04 0.61 ±0.02 0.49 ±0.04 0.65 ±0.01
Fe4993 0.15 ±0.04 0.04 ±0.02 0.05 ±0.04 0.06 ±0.01
Fe5018 0.20 ±0.04 0.29 ±0.02 0.26 ±0.04 0.24 ±0.01
Fe5022 0.15 ±0.04 0.36 ±0.03 0.33 ±0.04 0.23 ±0.01
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Indeks FCC135 FCC136 FCC164 FCC182
Fe5027 0.13 ±0.04 0.26 ±0.03 0.19 ±0.04 0.24 ±0.01
Fe5051 0.21 ±0.03 0.28 ±0.02 0.14 ±0.04 0.24 ±0.01
Fe5059 -0.04 ±0.02 -0.01 ±0.01 -0.02 ±0.02 -0.01 ±0.01
Fe5068 0.26 ±0.05 0.32 ±0.03 0.06 ±0.06 0.35 ±0.01
Fe5099 0.20 ±0.04 0.32 ±0.02 0.33 ±0.04 0.35 ±0.01
Fe5107 0.14 ±0.03 0.20 ±0.02 0.30 ±0.03 0.20 ±0.01
Fe5110 0.29 ±0.04 0.35 ±0.03 0.33 ±0.05 0.30 ±0.01
Fe5123 0.17 ±0.03 0.19 ±0.02 0.16 ±0.04 0.22 ±0.01
Fe5127 0.05 ±0.02 0.11 ±0.02 0.10 ±0.03 0.12 ±0.01
Fe5133 -0.01 ±0.04 -0.09 ±0.02 -0.11 ±0.04 -0.08 ±0.01
Fe5139 0.13 ±0.03 0.12 ±0.02 0.08 ±0.03 0.10 ±0.01
Fe5143 0.12 ±0.04 0.15 ±0.03 0.19 ±0.04 0.05 ±0.01
Fe5151 0.04 ±0.02 0.05 ±0.02 0.05 ±0.03 0.05 ±0.01
Fe5153 0.03 ±0.04 0.06 ±0.02 0.04 ±0.04 0.05 ±0.01
Fe5162 -0.01 ±0.03 -0.15 ±0.02 -0.18 ±0.04 -0.12 ±0.01
Fe5202 0.07 ±0.02 0.06 ±0.01 0.03 ±0.02 0.05 ±0.01
Fe5226 0.81 ±0.09 0.90 ±0.06 0.77 ±0.10 0.93 ±0.03
Fe5250 0.41 ±0.05 0.43 ±0.03 0.34 ±0.05 0.43 ±0.01
Fe5270 0.88 ±0.06 1.22 ±0.04 0.87 ±0.06 1.40 ±0.02
Fe5273 0.22 ±0.04 0.30 ±0.02 0.20 ±0.04 0.37 ±0.01
Mn4754 0.03 ±0.03 0.04 ±0.02 . . . 0.07 ±0.01
Mn4762 0.18 ±0.05 0.26 ±0.03 . . . 0.19 ±0.02
Mn4766 0.28 ±0.05 0.31 ±0.03 . . . 0.44 ±0.01
Mn4783 0.15 ±0.05 0.32 ±0.03 . . . 0.27 ±0.01
Mn4823 0.18 ±0.04 0.20 ±0.03 0.00 ±0.04 0.24 ±0.01
Mn5255 0.21 ±0.05 0.31 ±0.03 0.27 ±0.05 0.29 ±0.01
Na4978 0.10 ±0.04 0.12 ±0.03 0.00 ±0.05 0.13 ±0.01
Nd2 -0.03 ±0.03 -0.03 ±0.02 -0.01 ±0.03 -0.04 ±0.01
Nd5076 0.11 ±0.04 0.06 ±0.03 0.10 ±0.04 0.10 ±0.01
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Indeks FCC135 FCC136 FCC164 FCC182
Nd5192 0.27 ±0.03 0.30 ±0.02 0.34 ±0.03 0.35 ±0.01
Ni4752 -0.03 ±0.04 -0.02 ±0.03 . . . 0.32 ±0.01
Ni5036 0.35 ±0.05 0.43 ±0.03 0.26 ±0.05 0.26 ±0.01
Ni5137 -0.01 ±0.03 -0.04 ±0.02 -0.09 ±0.04 -0.06 ±0.01
Sc4779 0.07 ±0.04 0.14 ±0.03 . . . 0.06 ±0.01
Sc5031 0.03 ±0.03 0.08 ±0.02 -0.02 ±0.04 0.05 ±0.01
Sc5083 0.18 ±0.04 0.35 ±0.03 0.18 ±0.04 0.40 ±0.01
Ti4722 0.07 ±0.04 0.06 ±0.02 . . . 0.08 ±0.01
Ti4848 0.12 ±0.04 0.08 ±0.03 0.01 ±0.04 0.12 ±0.01
Ti4898 0.04 ±0.04 0.04 ±0.02 0.12 ±0.04 0.11 ±0.01
Ti4913 -0.02 ±0.04 0.09 ±0.02 0.08 ±0.04 0.09 ±0.01
Ti4991 0.18 ±0.04 0.16 ±0.02 0.04 ±0.04 0.13 ±0.01
Ti4996 0.05 ±0.03 0.02 ±0.02 -0.03 ±0.03 -0.01 ±0.01
Ti5009 -0.03 ±0.03 -0.02 ±0.02 -0.14 ±0.04 -0.07 ±0.01
Ti5014 0.38 ±0.04 0.46 ±0.03 0.27 ±0.04 0.44 ±0.01
Ti5025 0.02 ±0.03 0.12 ±0.02 0.10 ±0.04 0.07 ±0.01
Ti5043 0.08 ±0.03 0.11 ±0.02 0.06 ±0.03 0.08 ±0.01
Ti5061 -0.04 ±0.03 -0.02 ±0.02 -0.05 ±0.03 -0.06 ±0.01
Ti5064 0.26 ±0.04 0.38 ±0.03 0.09 ±0.05 0.31 ±0.01
Ti5113 -0.07 ±0.04 -0.02 ±0.02 -0.05 ±0.04 -0.06 ±0.01
Ti5129 0.12 ±0.04 0.18 ±0.02 0.11 ±0.04 0.20 ±0.01
Ti5219 -0.02 ±0.03 -0.04 ±0.02 0.06 ±0.03 -0.03 ±0.01
V4832 0.08 ±0.04 0.16 ±0.03 0.04 ±0.05 0.23 ±0.01
V4864 0.50 ±0.07 0.43 ±0.05 0.79 ±0.08 0.58 ±0.02
V4875 0.10 ±0.04 0.09 ±0.03 0.21 ±0.04 0.20 ±0.01
V4881 0.09 ±0.05 0.20 ±0.03 0.32 ±0.05 0.23 ±0.01
V4924 0.48 ±0.05 0.53 ±0.03 0.42 ±0.06 0.61 ±0.02
Y4854 0.13 ±0.04 0.08 ±0.03 0.13 ±0.05 0.14 ±0.01
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Table 4.5 – All high-resolution spectral indices (chapter 3) are measured
for 4 dEs ( FCC202, FCC203, FCC211, FCC222) in Fornax cluster.

Indeks FCC202 FCC203 FCC211 FCC222

Ba2 0.27 ±0.02 0.22 ±0.07 0.32 ±0.05 0.36 ±0.02
Ca4878 0.09 ±0.01 0.06 ±0.03 0.02 ±0.02 0.09 ±0.01
Ca5020 0.05 ±0.01 0.08 ±0.03 0.10 ±0.02 0.02 ±0.01
Ca5041 0.95 ±0.03 1.11 ±0.08 0.74 ±0.07 1.02 ±0.03
Ca5188 0.01 ±0.01 -0.01 ±0.04 0.02 ±0.03 0.00 ±0.01
Ca5261 0.31 ±0.01 0.33 ±0.04 0.25 ±0.04 0.22 ±0.02
Co4867 0.11 ±0.01 0.07 ±0.04 0.04 ±0.03 0.16 ±0.01
Co5230 0.08 ±0.01 0.13 ±0.04 0.11 ±0.03 0.11 ±0.01
Cr4789 0.26 ±0.02 0.34 ±0.05 0.25 ±0.04 0.31 ±0.02
Cr4942 0.13 ±0.01 0.03 ±0.05 0.11 ±0.04 0.17 ±0.02
Cr5072 0.16 ±0.01 0.18 ±0.03 0.13 ±0.03 0.18 ±0.01
Cr5247 0.21 ±0.01 0.13 ±0.04 0.19 ±0.04 0.19 ±0.02
Cr5265 0.81 ±0.01 0.80 ±0.05 0.62 ±0.04 0.68 ±0.02
Cr5275 0.34 ±0.02 0.33 ±0.05 0.26 ±0.04 0.29 ±0.02
Fe4733 0.06 ±0.01 0.30 ±0.04 -0.01 ±0.03 0.09 ±0.01
Fe4736 0.14 ±0.02 0.49 ±0.05 0.53 ±0.04 0.17 ±0.02
Fe4768 0.10 ±0.01 0.17 ±0.03 0.07 ±0.03 0.12 ±0.01
Fe4776 -0.01 ±0.01 0.01 ±0.03 0.08 ±0.03 -0.03 ±0.01
Fe4836 -0.01 ±0.01 0.03 ±0.03 -0.01 ±0.02 -0.08 ±0.01
Fe4871 0.49 ±0.02 0.28 ±0.08 0.28 ±0.06 0.51 ±0.03
Fe4888 0.27 ±0.01 0.15 ±0.04 0.15 ±0.03 0.21 ±0.02
Fe4891 0.62 ±0.02 0.39 ±0.06 0.33 ±0.05 0.52 ±0.02
Fe4910 0.47 ±0.03 0.29 ±0.11 0.23 ±0.08 0.67 ±0.03
Fe4920 0.97 ±0.03 0.78 ±0.10 0.71 ±0.08 0.93 ±0.03
Fe4938 0.68 ±0.03 0.49 ±0.09 0.55 ±0.07 0.88 ±0.03
Fe4957 0.49 ±0.01 0.53 ±0.04 0.39 ±0.04 0.44 ±0.02
Fe4993 0.00 ±0.01 0.01 ±0.04 0.14 ±0.03 0.01 ±0.01
Fe5018 0.23 ±0.01 0.28 ±0.04 0.23 ±0.03 0.15 ±0.02
Fe5022 0.27 ±0.01 0.24 ±0.05 0.36 ±0.03 0.21 ±0.02
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Indeks FCC202 FCC203 FCC211 FCC222
Fe5027 0.20 ±0.01 0.27 ±0.04 0.19 ±0.04 0.14 ±0.02
Fe5051 0.21 ±0.01 0.20 ±0.04 0.27 ±0.03 0.17 ±0.01
Fe5059 0.03 ±0.01 0.01 ±0.02 0.02 ±0.02 0.02 ±0.01
Fe5068 0.23 ±0.02 0.33 ±0.06 0.25 ±0.04 0.26 ±0.02
Fe5099 0.27 ±0.01 0.23 ±0.04 0.16 ±0.03 0.24 ±0.02
Fe5107 0.21 ±0.01 0.18 ±0.04 0.26 ±0.03 0.21 ±0.01
Fe5110 0.28 ±0.01 0.26 ±0.05 0.34 ±0.04 0.31 ±0.02
Fe5123 0.14 ±0.01 0.22 ±0.04 0.15 ±0.03 0.10 ±0.01
Fe5127 0.08 ±0.01 0.12 ±0.03 0.07 ±0.02 0.09 ±0.01
Fe5133 0.01 ±0.01 -0.06 ±0.04 -0.04 ±0.03 0.01 ±0.01
Fe5139 0.14 ±0.01 0.09 ±0.04 0.07 ±0.03 0.14 ±0.01
Fe5143 0.06 ±0.01 0.05 ±0.04 0.14 ±0.03 0.13 ±0.02
Fe5151 0.07 ±0.01 0.10 ±0.03 0.09 ±0.02 0.09 ±0.01
Fe5153 0.05 ±0.01 0.05 ±0.04 0.12 ±0.03 0.11 ±0.01
Fe5162 -0.11 ±0.01 -0.09 ±0.04 -0.05 ±0.03 -0.08 ±0.01
Fe5202 0.05 ±0.01 0.06 ±0.02 0.00 ±0.02 0.06 ±0.01
Fe5226 0.77 ±0.03 0.87 ±0.10 0.52 ±0.08 0.83 ±0.03
Fe5250 0.43 ±0.01 0.45 ±0.05 0.32 ±0.04 0.50 ±0.02
Fe5270 1.13 ±0.02 1.10 ±0.06 0.70 ±0.05 1.07 ±0.02
Fe5273 0.29 ±0.01 0.34 ±0.04 0.20 ±0.03 0.28 ±0.01
Mn4754 0.08 ±0.01 0.08 ±0.03 0.05 ±0.02 0.05 ±0.01
Mn4762 0.05 ±0.02 0.12 ±0.06 0.22 ±0.05 -0.02 ±0.02
Mn4766 0.25 ±0.02 0.24 ±0.05 0.26 ±0.04 0.19 ±0.02
Mn4783 0.17 ±0.02 0.22 ±0.05 0.23 ±0.04 0.14 ±0.02
Mn4823 0.18 ±0.01 0.24 ±0.04 0.15 ±0.04 0.10 ±0.02
Mn5255 0.26 ±0.02 0.29 ±0.05 0.15 ±0.04 0.30 ±0.02
Na4978 0.01 ±0.02 0.07 ±0.05 0.08 ±0.04 -0.06 ±0.02
Nd2 -0.07 ±0.01 -0.06 ±0.03 -0.02 ±0.03 -0.06 ±0.01
Nd5076 0.12 ±0.01 0.21 ±0.05 0.13 ±0.04 0.10 ±0.02



4

150
chapter 4: Abundance ratios of dEs in the Fornax Cluster using a

system of newly defined indices

Indeks FCC202 FCC203 FCC211 FCC222
Nd5192 0.30 ±0.01 0.18 ±0.03 0.23 ±0.03 0.28 ±0.01
Ni4752 0.04 ±0.01 0.14 ±0.04 -0.05 ±0.04 -0.03 ±0.02
Ni5036 0.26 ±0.02 0.40 ±0.05 0.30 ±0.04 0.27 ±0.02
Ni5137 -0.04 ±0.01 -0.03 ±0.03 0.03 ±0.03 -0.01 ±0.01
Sc4779 0.04 ±0.01 0.12 ±0.04 0.18 ±0.04 0.07 ±0.02
Sc5031 0.07 ±0.01 0.06 ±0.04 0.08 ±0.03 0.06 ±0.01
Sc5083 0.33 ±0.01 0.24 ±0.04 0.26 ±0.04 0.22 ±0.02
Ti4722 0.01 ±0.01 -0.02 ±0.04 0.03 ±0.04 0.05 ±0.02
Ti4848 0.08 ±0.01 0.22 ±0.04 0.01 ±0.04 0.13 ±0.02
Ti4898 0.07 ±0.01 0.09 ±0.04 0.01 ±0.03 0.06 ±0.01
Ti4913 0.02 ±0.01 0.02 ±0.04 0.01 ±0.03 -0.05 ±0.01
Ti4991 0.07 ±0.01 0.01 ±0.05 0.17 ±0.03 0.00 ±0.02
Ti4996 -0.02 ±0.01 0.01 ±0.03 0.07 ±0.02 -0.09 ±0.01
Ti5009 -0.02 ±0.01 -0.04 ±0.04 -0.07 ±0.03 -0.04 ±0.01
Ti5014 0.37 ±0.01 0.39 ±0.05 0.33 ±0.04 0.32 ±0.02
Ti5025 0.08 ±0.01 0.07 ±0.04 0.14 ±0.03 0.11 ±0.01
Ti5043 0.07 ±0.01 0.13 ±0.03 0.09 ±0.02 0.09 ±0.01
Ti5061 -0.05 ±0.01 -0.09 ±0.03 0.00 ±0.02 0.00 ±0.01
Ti5064 0.25 ±0.02 0.33 ±0.05 0.23 ±0.04 0.30 ±0.02
Ti5113 0.01 ±0.01 0.10 ±0.04 -0.02 ±0.03 0.02 ±0.01
Ti5129 0.21 ±0.01 0.13 ±0.04 0.11 ±0.03 0.27 ±0.01
Ti5219 0.02 ±0.01 -0.01 ±0.03 -0.08 ±0.02 -0.01 ±0.01
V4832 0.15 ±0.02 0.20 ±0.05 0.07 ±0.04 0.00 ±0.02
V4864 0.66 ±0.02 0.48 ±0.08 0.52 ±0.06 0.74 ±0.03
V4875 0.14 ±0.01 -0.04 ±0.05 0.09 ±0.04 0.15 ±0.02
V4881 0.18 ±0.02 0.06 ±0.06 0.05 ±0.04 0.13 ±0.02
V4924 0.38 ±0.02 0.33 ±0.06 0.31 ±0.05 0.47 ±0.02
Y4854 0.10 ±0.01 0.20 ±0.05 0.14 ±0.04 0.11 ±0.02
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