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ABSTRACT

Our understanding of early-type galaxies (ETGs) has grown in the past decade with the advance
of full-spectrum fitting techniques used to infer the properties of the stellar populations that make-up
the galaxy. We present ages, central velocity dispersions, and abundance ratios relative to Fe of C, N,
0O, Mg, Si, Ca, Ti, Cr, Mn, Co, Ni, Cu, Sr, Ba, and Eu, derived using full-spectrum fitting techniques
for three ETGs NGC 2865, NGC 3818, and NGC 4915. Each of these three galaxies were selected
because they have optical, disturbed structures (fine structure) that are linked to major merger events
that occurred 1, 7, and 6 Gyr ago, respectively. Two of the ETGs, NGC 3818 and NGC 4915, show
chemical signatures similar to ETGs without fine structure, which is consistent with a gas-poor merger
of elliptical galaxies in which substantial star formation is not expected. For NGC 2865, we find a
statistically higher abundance of Ca (an a-element) and Cr and Mn (Fe-peak elements). We show that
for NGC 2865, a simple gas-rich merger scenario fails to explain the larger abundance ratios compared
to ETGs without fine structure. These three early-type galaxies with fine structure exhibit a range of
abundances, suggesting ETGs with fine structure can form via multiple pathways and types of galaxy

mergers.
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1. INTRODUCTION

The chemical abundance ratios of galaxies are pow-
erful tools for constraining the evolution processes and
formation channels that galaxies experience over their
cosmic lifetime (Maiolino & Mannucci 2019, Feldmeier-
Krause et al. 2021). Early-type galaxies (ETGs) have
two main stages of formation; an early (z ~ 2) collapse
of gas, forming stars in a compact core, or an ongo-
ing second stage where satellite galaxies are accreted
and ex situ formed stars (Naab et al. 2009, Oser et al.
2010). The fraction of ETGs that show recent star for-
mation is low (~ 10%), and it has been suggested that
the increases in recent star formation could be a result of
galaxy interactions and merger activity in the past few
Gyrs (Greif et al. 2010, Urrutia-Viscarra et al. 2017).

With little-to-no star formation occurring in ETGs,
the integrated light from these systems are dominated
by old stellar populations. Through full spectral fit-

ting, we could learn about how the ETGs were assem-
bled and what the early star formation period looked
like (Feldmeier-Krause et al. 2021). The chemical abun-
dance ratios derived for the ETGs’ stellar populations
point to chemical enrichment events, and are a pow-
erful tool in untangling the chemical evolution within
the galaxy. Beginning with the « elements (e.g. C,
N, O, Mg, Si, Ca, Ti), these are produced via mas-
sive (> 8 M) stars undergoing core-collapse supernovae
(CCSNe). Fe peak elements are formed later, as Type Ia
SNe start to occur within the stellar populations. The
delay between when core-collapse supernovae dominate,
and when Type Ia SNe dominate, is represented by the
abundance ratios of elements formed in each event (e.g.
[a/Fe], where a-elements are formed in CCSNe, and Fe
is formed in Type Ia SNe). The abundance ratios thus
can point to characteristics of the star formation history
of a galaxy (Feldmeier-Krause et al. 2021).
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Some spectroscopic galactic surveys, such as the AT-
LAS3D and MASSIVE surveys, have widely improved
our knowledge of the chemical composition of ETGs
through the study of absorption and emission features
in their spectra (Cappellari et al. 2010, Ma et al.
2014). Such surveys have defined trends showing how
ETGs chemical abundances correlate with their ages and
masses, with more massive ETGs showing higher metal-
licities, higher a-element abundances, and older stellar
populations. However, many of these surveys specifi-
cally target ETGs with unperturbed light profiles (i.e.
lacking stellar features such as tails, shells, or streams,
also known as fine structure) to study the early Universe
and to remove dynamical and chemical effects that took
place at later epochs. The trends in chemodynamical
properties of ETGs with fine structure have not been
as widely studied as a result, and it is not obvious that
ETGs with fine structure would share the same charac-
teristics of ETGs without fine structure. The type of
fine structure present in ETGs is indicative of the type
of merger (gas-rich versus gas-poor merger, major versus
minor merger, etc.) (Schweizer et al. 1990, Schweizer &
Seitzer 1992, Giri et al. 2023), and thus with our study
of stellar populations within ETGs with fine structure
we are able to link the type of merger to any chemical
evolution history of the galaxies.

Our analysis of early-type galaxies with fine structure
begins with a description of our targets and observa-
tions in Section 2. We describe the full-spectrum fitting
method used to determine chemodynamical parameters
for each galaxy in Section 3. We present our results of
the fitting in Section 4, which include ages, velocity dis-
persions, and chemical abundance ratios for each ETG.
We describe how our results compare to ETG’s without
fine structure in Section 5. Finally, we discuss and sum-
marize our conclusions in Section 6 and 7, respectively.

2. TARGETS AND OBSERVATIONS
2.1. Target Selection

Three ETGs were selected for high resolution obser-
vations, NGC 2865, NGC 3818, and NGC 4915. Each
target shows evidence of a major merger through pho-
tometric observations of fine structure. NGC 3818 and
NGC 4915 were studied in Schweizer et al. (1990) and
Schweizer & Seitzer (1992), who found a correlation be-
tween fine structure and the line strengths and U BV col-
ors of ETGs. The UBYV colors, used to derive a heuris-
tic merger age for the ETGs, show that galaxies with
a larger amount of fine structure have had more recent

(within 1—7Gyr) major mergers. Schweizer et al. (1990)
define the fine-structure parameter, 3, as

Y=S+log(l+n)+J+B+X (1)

where S is the visual estimate of the strength of the
ETGs ripples, n is the number of detected ripples, J
is the number of plumes, streams, or tails of luminous
material, B is the visual estimate of the boxiness of the
isophote fit to the ETGs light profile, and X indicates
the absence or presence of an X —structure. ¥ was de-
fined as a rough measurement of dynamical youth or
rejuvenation (Schweizer & Seitzer 1992). Further stud-
ies have found that the type of fine structure found in
a merger remnant is indicative of the type of merger it
underwent (Giri et al. 2023).

NGC 2865 is an E3 galaxy originally studied in Jor-
gensen et al. (1992). Further observations conducted by
Rampazzo et al. (2007), found fine structure that indi-
cated a recent merger history. It has the highest fine
structure content (X = 6.4) among the 3 ETGs, with
extended tidal tails and shells surrounding the galaxy.
Fort et al. (1986) reports that NGC 2865’s shells con-
tribute 11-22% of the total luminosity and have colors
that resemble disk galaxies. NGC 2865 is thought to
have a young, central stellar component formed within
the last Gyr and a kinematically distinct core (Longhetti
et al. 1999, Hau & Forbes 2006, Rawle et al. 2010).

NGC 3818 is a bulge-dominated, E5 galaxy, with
a disk fully embedded in a boxy bulge and the least
amount of fine structure out of the three ETGs (Scorza
& van den Bosch 1998). NGC 3818 is located in a low-
density environment (density of galaxies brighter than
Mp = —16 is 0.2) in the Crater Cloud group of galaxies
(Tully 1988). Panuzzo et al. (2011) studied mid-infrared
(MIR) spectra of NGC 3818 and determined it as a pas-
sive ETG, with no emission lines in its spectra, indicat-
ing little-to-no current activity within the galaxy.

NGC 4915 is a relatively isolated, EO galaxy thought
to have formed <7 Gyr ago (Schweizer & Seitzer 1992).
At its center, NGC 4915 hosts a young stellar popula-
tion that has a strong Hf absorption feature (Schweizer
& Seitzer 1992). Strong Balmer features, such as the HS
line, point to A or F stars added to an old stellar popula-
tion, which is consistent with an aging starburst popula-
tion that formed during the merger. Schweizer & Seitzer
(1992) describes the fine structure around NGC 4915 to
be extremely boxy, with an apparent X-structure.

2.2. Observations

The observations of NGC 2865, NGC 3818, and NGC
4915 were obtained on May 3rd, 2016 using the Magellan
Inamori Kyocera Echelle (MIKE) double echelle spectro-
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Table 1. Our program target ETGs: (1) Galaxy ID, (2) Redshift (Smith et al. 2000),
(3) Hubble Morphological Type (de Vaucouleurs et al. 1991), (4) Fine Structure Param-
eter (Schweizer et al. 1990, Schweizer & Seitzer 1992), (5) Time since last merger in
Gyr (Schweizer et al. 1990, Schweizer & Seitzer 1992), (6) Estimated stellar mass in Mg
(Fukazawa et al. 2006), (7) and (8) observed colors (Schweizer et al. 1990).

Galaxy  Redshift Morph. Type Tmerger l0g1o M. (U—B) (B-YV)
(1) (2) () (5) (6) (7) (8)
NGC 2865 0.008 E3 ~1 Gyr 10.5 0.42 0.91
NGC 3818 0.005 E5 ~7 Gyr 10.65 0.48 0.96
NGC 4915 0.01 EO0 5.48 ~6 Gyr 10.52 0.47 0.94

graph located on the MAGELLAN 6.5m Clay telescope
(Bernstein et al. 2003). Each exposure was taken with
3x2 binning using a 1” x 5" single slit resulting in a re-
solving power of R ~ 28,000 in the blue arm of MIKE
and a R ~ 22,000 in the red arm. Figure 1 shows the
central slit coverage for each galaxy with respect to the
galaxy as a whole. With a 2.2” extraction aperture, us-
ing the distances derived from the redshift listed in Table
1, we obtain a spatial coverage of 0.2 x0.4, 0.1 x0.2, and
0.2 x 0.5 kpc for NGC 2865, NGC 3818, and NGC 4915,
respectively. Each galaxy had 3 1500 second exposures,
with the exception of NGC 4915, whose last exposure
was cut short at 800 seconds due to time constraints.

We used the CarPy data reduction pipeline to com-
bine, correct, and wavelength calibrate the observations
of each galaxy (Kelson et al. 2000, Kelson 2003). Each
spectrum was shifted to the rest frame from the ob-
served frame by using the galaxies’ recorded redshift
listed in Table 1. The resulting spectra covered a rest
frame wavelength range of ~ 3300 A to 9200 A.

3. CHEMICAL ANALYSIS
3.1. Full Spectral Fitting

We fit the spectra of the three ETGs using the Ab-
sorption Line Fitter (ALF), a simple stellar popula-
tion (SSP) fitting method developed by Conroy & van
Dokkum (2012a). ALF utilizes both synthetic and em-
pirical stellar libraries to create a grid of SSP models
used to fit integrated light spectra of galaxies (Conroy
& van Dokkum 2012b). In order to explore the large
parameter space defined by the prior bounds, ALF uses
a Monte Carlo Markov Chain (MCMC) fitting routine
that produces models with various parameter combina-
tions and uses a x? minimization to determine the best-
fitting model.

ALF’s full capabilities include the ability to determine
the abundance ratios of 19 elements, kinematic prop-
erties such as recessional velocity and velocity disper-

Table 2. Prior limits set in this work for the ALF fitting
routine.

Parameter Low Prior High Prior
o (kms™) 20.0 600.0
Age (Gyr) 2.0 13.5
Age of Young SSP (Gyr) 0.5 3.0
log (Mass % of Young SSP) -6.0 -0.5
[Fe/H] 0.4 0.5
[O/Fe] -1.0 0.6
[C/Fe] -1.0 0.5
[N/Fe] 1.0 0.5
[Mg/Fe] -0.4 0.5
[Si/Fe] 05 0.5
[Ca/Fe] -0.5 0.5
[Ti/Fe] 1.0 0.5
[Cr/Fe] -0.5 0.5
[Mn/Fe] -0.3 1.0
[Co/Fe] -0.5 0.5
[Ni/Fe] 1.0 0.5
[Cu/Fe] -0.5 0.5
[Sr/Fe] -1.0 1.0
[Ba/Fe] -1.0 1.0
[Eu/Fe] -1.0 1.0

sion, and an age and mass fraction of a sub-dominant,
younger stellar population. We apply ALF to our tar-
get galaxies to determine the parameters of the light-
dominating stellar population at the center of each
galaxy with priors for each parameter listed in Table
2, and we fix the IMF to a Kroupa IMF (Kroupa 2001).
After each fitting run by ALF, we check the posterior
distributions of each parameter to make sure that the
MCMC walkers are not settling on a value at the prior
edge.
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NGC 2865

Conroy et al. (2013a) show the residuals to their fit-
ting procedure of stacked, high SNR, SDSS galaxy spec-
tra. They note that certain wavelength regions of their
spectra show a correlation between galaxys’ velocity dis-
persions and the residuals, indicating that there are un-
known factors that affect those regions that are not ac-
counted for by ALF. As a result of this uncertainty, we
chose to mask regions that showed correlations with the
velocity dispersion in the Conroy et al. (2013a) stacked,
SDSS data when fitting our galaxies with ALF.

Additionally, the major Na lines used in the fitting
routine is the NaD doublet at 59004, which is heavily
influenced by ISM Na. Since the NaD line is the only
strong Na source in our spectra, we risk fitting models
with inflated Na abundances due to contributions from
both stellar photospheres and ISM absorption. As such,
we mask the NaD line from our fit and do not report a
stellar Na abundance here.

Figure 2a - 2c¢ show our best fit models to each ETG.
We fit the wavelength regions 4000A-6800A, and 8400A-
8700A, taking care to mask regions affected by atmo-
spheric and galaxy emission lines. The residual per-
centage between our best fit model and the data is also
shown, with a range of £10%.

4. RESULTS

4.1. Stellar Population Parameters

The stellar population parameter of our analysis of
NGC 2865, NGC 3818, and NGC 4915 are listed in Ta-
ble 3. Figure 3 shows our fitted age and [Fe/H] values
as a function of central velocity dispersion compared to
other literature samples of ETGs. ALF fits an element
X with respect to hydrogen, and to transform this ra-
tio with respect to iron, we subtract the fitted [Fe/H]
measurement ([X/Fe] = [X/H] — [Fe/H]). Addition-
ally, certain elements must be corrected with theoret-
ical response functions. These response function abun-

NGC 3818 NGC 4915

19.2 kpc
30" J

Figure 1. Slit coverage for NGC 2865, NGC 3818, and NGC 4915. The black box at the center of each galaxy represents the
1" x 5" slit used in the observations taken with the MIKE spectrograph. Images of each galaxy were taken from the PanSTARRS
DR1 survey (z band) (Chambers et al. 2016).

dance corrections come from synthetic stellar libraries
and supplement areas of the spectra where the empiri-
cal model library fails to capture the contributions from
various elements (Conroy & van Dokkum 2012b, Con-
roy et al. 2018). As a result, the elements O, Mg, Ca,
Si, and Ti, are corrected based off relations derived in
Schiavon (2007), Bensby et al. (2014), and Milone et al.
(2011). Conroy et al. (2018) found that the empirical
library abundances for C, N, Na, V, Cr, Mn, Co, Cu,
Ba, Sr, and Eu were close to 0 for a wide metallicity
range (X/Fe]un([Z/H]) = 0), indicating that no addi-
tional abundance was needed to add to the theoretical
response function for these elements. The bottom pan-
els of the figures in Appendix A show where each ele-
ment can have an effect on the spectra in the observed
wavelength region. By fitting the entire spectrum, we
are able to constrain abundances of elements using their
combined impact on the integrated light. In the case
of O, which does not have individual lines in our spec-
tra, we derive an O abundance using the contributions
from molecules that include O (such as HoO, TiO, MgO,
AlO, VO, CO, OH, and SiO) and produce an absorption
features in the response function.

As shown in Figure 3, we derive a younger stellar pop-
ulation for NGC 2865 at ~3.9 Gyr, while we obtain rela-
tively older derived stellar populations of ~7.3 and ~6.0
Gyr for NGC 3818 and NGC 4915, respectively. We
also show comparisons of ages to stacked SDSS galaxies
(Conroy & van Dokkum 2012b), LRIS galaxies (Conroy
& van Dokkum 2012b), the ATLAS3D galaxies (McDer-
mid et al. 2015), the MaNGA survey galaxies (Gu et al.
2018a, Parikh et al. 2021), and the 9 galaxies studied
in Feldmeier-Krause et al. (2021). We find that as com-
pared to these ETGs without fine structure, NGC 2865
has a stellar population that is younger relative to its de-
termined velocity dispersion. None of the three ETGs,
however, show any significant mass fraction (> 15%) of
a younger (< 0.5 Gyr) stellar population.

We obtain a slightly subsolar to solar in metallicity
for all three ETGs as can be seen in Figure 3. The
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Figure 2a. Top: Comparison of the fitted model (red) to the observed spectrum (black) of NGC 2865. The data have been
binned using a bin-width of 0.3A4 for ease of visibility. Regions masked from the fit are the vertical areas, shaded grey. Bottom:
Residual percentage between the model and data. The 1o uncertainty region is shown as the shaded grey region.

abundance ratios of our reported elemental abundances
are shown in Figure 4 as a function of velocity dispersion.

4.1.1. Carbon, Nitrogen, and Ozygen

Carbon, nitrogen, and oxygen are light elements
formed in massive stars (O) and AGB stars (C and N),
and are primarily determined in galaxies by ALF us-
ing molecular lines (e.g. CH, CN, TiO) (Conroy et al.

2018). N is formed in intermediate mass AGB stars
(unlike C, which is produced in low-mass AGB stars),
allowing stellar populations to be enriched in N earlier
than C (Kobayashi et al. 2011).

All three ETGs are fit with a solar C abundance
([C/Fe]~ 0.0 & 0.1), while the N and O median abun-
dance ratios are slightly super-solar at [N,0/Fe| of
0.2 —-0.3£0.2 dex.
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Figure 2b. Same as Figure 2a but for NGC 3818.

4.1.2. a-elements

Mg, Si, Ca, and Ti (along with O), are produced in
massive stars, and are ejected through CCSNe (Timmes
et al. 1995, Kobayashi et al. 2006, Kobayashi et al. 2020).
Mg, Ti, and O affect large wavelength regions of the in-
tegrated light spectra due to the TiO and MgH molecu-
lar absorption features present in the cooler, and older
stellar spectra that typically dominate in ETGs. The
effect of these elements on the integrated light spectra

can be seen in the lower panels of the graphs in the Ap-
pendix figure set. The [a/Fe] ratio is used as a proxy
for the star formation duration, with higher o (i.e. more
massive) galaxies showing larger [ /Fe] ratios (Thomas
et al. 2005). However, outliers from the Mg-o relation-
ship have been shown to be caused by contribution from
intermediate /young stellar populations within the ETGs
(Thomas et al. 2005).

The a-elements vary slightly from C, N, and O in that
NGC 2865 shows significant super-solar ([X/Fe] > 0.2)
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Figure 2c. Same as Figure 2a but for NGC 4915.

abundances for Mg, Si, and Ca, while the other two
ETGs, NGC 3818 and NGC 4915, are super-solar in Mg,
but are determined to have solar Si and Ca abundances.
Ti is determined to have significantly sub-solar abun-
dances for our 3 studied ETGs, particularly for NGC
3818. While Ti is expected to follow a elements like
Si and Ca in abundances for ETGs, we do not observe
this trend for our galaxies, in particularly for NGC 3818.
NIR coverage of the TiO lines, which are unfortunately
not covered by our spectra, are likely to allow a more

robust test of the low Ti abundance, as described in
Conroy et al. (2018).

4.1.3. Fe-peak elements

The second group of elements that we fit using ALF
are the Fe-peak elements, Fe, Cr, Mn, Co, Ni, and Cu.
The Fe-peak elements generally follow the same trends
as Fe, and often have many lines that affect the en-
tire spectrum (Conroy et al. 2013a). Cr and Mn are
produced in the incomplete Si-burning regions of Type
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Table 3. Parameters of the
for NGC 2865, NGC 3818, an

best-fit model shown in Figure 2a-2c
d NGC 4915. We report values and

uncertainties corresponding to the median and standard deviation of
parameter values determined through our bootstrap fits.

Parameter NGC 2865 NGC 3818 NGC 4915
o (kms™) 150+ 9 179+8 190+ 17
Age (Gyr) 39+1.3 7.3+1.4 6.0+ 1.5
Age of Young SSP (Gyr) 1.4+1.5 14+1.5 1.3+1.6
log (Mass % of Young SSP) | —=3.2+13 —-3.1+12 -3.1+1.3
[Fe/H] 01401 00+01 00401
[O/Fe] 0.2£0.3 0.0£0.3 0.1£0.3
[C/Fe] 0.0£01 0.0£01 0.0%+0.2
[N/Fe] 01402 02+02 00+03
[Mg/Fe] 04402 04£01 03402
[Si/Fe] 0.2+£0.2 0.0£0.2 0.0£0.3
[Ca/Fe] 03£01 —-0.1+£0.1 0.0£0.1
[Ti/Fe] —-02+£02 -044£02 0.0£0.3
[Cr/Fe] 0.2+£0.1 0.0£0.1 0.0£0.2
[Mn/Fe] 0.3£0.2 0.2£0.2 0.1£0.2
[Co/Fe] 0.1£0.2 0.1£0.2 0.0£0.3
[Ni/Fe] 00+£02 00+£02 —01+03
[Cu/Fe] 014+03 00£03 00+03
[Sr/Fe] 01403 01403 00404
[Ba/Fe] 00£03 00+£03 00+04
[Eu/Fe] 01403 01403 00404

Ia SNe. Mn is produced in larger quantities than Fe
leading to a positive [Mn/Fe] ratio with more Type Ia
SNe, while Cr is produced near the same amount as
Fe (Kobayashi et al. 2020). Moreover, the increase of
[Co/Fe| at higher velocity dispersion in the Conroy &
van Dokkum (2012b) data is speculated to be from Co
enrichment from massive stars. Ni is produced in sim-
ilar quantities to Fe (Kobayashi et al. 2020), however
large abundance changes in Ni and Co do not produce
significant spectral line changes, making both elements
difficult to detect (see Figure 4 in Conroy et al. 2013a).

The Fe-peak elements produce weaker features in in-
tegrated light spectra than the lighter CNO and a-
elements. In NGC 2865 we find significant super-solar
values of Cr ([Cr/Fe] = 0.22 +0.14) and Mn ([Mn/Fe]
= 0.32 £ 0.19), and solar abundances within uncertain-
ties for Co, Ni, and Cu. NGC 3818 and NGC 4915 have
solar abundance ratios of Cr, Mn, Ni, and Cu. Inter-
estingly, NGC 2865 shows the largest abundance of Cr
out of the 3 ETGs, and while the dominant Cr yield is
from Type Ia Sne, there is a non-negligible amount of
Cr produced in Type II SNe (Kobayashi et al. 2011).

NGC 2865 is enriched in both Mn and Cr, while NGC
3818 and NGC 4915 show no enrichment of Cr.

4.1.4. Neutron capture elements

Additionally, we use ALF to determine abundances
for the neutron capture elements Sr, Ba, and Eu. El-
ements such as Ba, are produced in intermediate and
low-mass AGB stars through the slow neutron cap-
ture process (s—process) (Conroy et al. 2013b). Rapid
neutron capture process (r—process) elements, such as
Eu, are produced in dense neutron environments such
as neutron star mergers (NSM) and Type II CCSNe
(Kobayashi et al. 2020). Determining the abundances
of the r—process element, Eu, while difficult to detect
due to the faint nature of its spectral absorption fea-
tures in stellar spectra, would allow for constraints on
the rate of NSM/CCSNe within ETGs, and the impact
these events have on a galaxy.

The neutron capture elements produce subtle and iso-
lated responses in the integrated spectra of ETGs due
to the weak nature of the lines in stellar spectra, un-
like some of the lighter elements that affect broad wave-
length regions (Conroy et al. 2013b). As a result, the
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Figure 3. Relationship between the velocity dispersion and the age and [Fe/H] for NGC 2865 (black star), NGC 3818 (black
circle), and NGC 4915 (black square). Ages and metallicities determined from Conroy & van Dokkum (2012b) (filled, red
pentagons), Conroy et al. (2013a) (unfilled, red triangles), Greene et al. (2015) (unfilled, blue diamonds), McDermid et al.
(2015) (grey dots), Gu et al. (2018a) (filled, orange triangles), Feldmeier-Krause et al. (2021) (filled, purple squares), Parikh
et al. (2021) (unfilled X’s for ETGs, unfilled hexagons for LTGs), are included for comparison. Filled in markers represent
results determined for individual galaxies, while open markers correspond to results derived from stacked data over discrete
mass bins. A horizontal, black line is shown for a solar metallicity ([Fe/H] = 0) in the bottom plot. The central regions of our
3 ETGs show younger ages than most other ETGs of the same o, especially in the case of NGC 2865.

abundances of these elements are difficult to fit as the
response is often lost in the noise of the spectra or in the
broadening of nearby, stronger spectral features. In Fig-
ure 6, we show a sample of the distribution of fits from
our bootstrap analysis to areas of the spectrum that are
affected by C, Mg, Ba, Sr, and Eu. As stated in Sec-
tion 4.2, the uncertainty in our determined abundance
corresponds to the spread of fitted abundances ratios
from our bootstrap analysis. In Appendix A we show
the regions that each element affects for our observed

wavelength range. For lighter elements such as C and
Mg, we report smaller uncertainties because of the ele-
ments’ strong contribution to the spectra and reliability
of models with respect to those elements. For each of
the three ETGs, the median abundance of the bootstrap
fitting for Sr, Ba, and Eu was solar, which suggests that
the slightest changes to the regions of the integrated
light spectra that are affected by Sr, Ba, and Eu can
produce large changes in the determined abundances.
However, we discuss the implications of our determined
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the galaxies’ central velocity dispersion and compared to literature abundances of Conroy & van Dokkum (2012b) (filled, red
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(unfilled, blue diamonds), Feldmeier-Krause et al. (2021) (filled, purple squares), Parikh et al. (2021) (unfilled X’s for ETGs,
unfilled hexagons for LTGs). Sr and Ba are determined for individual galaxies in Conroy et al. (2013b), however the velocity
dispersions are not reported. We instead show the range of abundances covered by their results as the light-blue shaded region.
The abundances plotted correspond to the values and uncertainties reported in Table 3. Filled in markers represent results
determined for individual galaxies, while open markers correspond to results derived from stacked data over discrete mass bins.

abundances for Sr, Ba, and Eu to show how they relate 4.2. Parameter Uncertainty
to our interpretation of ETG chemical evolution.

We present a first order determination of Eu, for the
first time, from integrated light spectra of distant galax-
ies. We note that the Eu lines are very weak in our spec-
tra, which is reflected in the large error bars ~ 0.5 dex.
Each of our three ETGs with fine structure were de-
termined to have an [Eu/Fe]~ 0. Such values were
predicted in simulation work done by Naiman et al.
(2018) which showed that Milky Way type galaxies at
[Fe/H]~ 0 have an [Eu/Fe] abundance of ~ 0. We note
that their simulations include merger events. The lack
of enhancement or depletion post-merger as signified by
a [Eu/Fe]~ 0, indicate that either Eu and Fe were both
equally produced during the merger, or that one of the
elements was overproduced in a manner that brought
the [Eu/Fe] closer to 0.

ALF provides uncertainties for each fit parameter us-
ing the shape of the posterior probability distribution
created during the MCMC fitting routine. However, we
found that the output from ALF provided uncertain-
ties that did not reflect the true magnitudes of the total
uncertainties in fitting the integrated light spectra. In
order to provide a more robust uncertainty for each pa-
rameter, we determine uncertainties for each of the fit
parameters using a bootstrap method.

We generate 1000 spectra by drawing from a normal
distribution centered on the original data spectrum for
each galaxy, with a standard deviation equal to the un-
certainty obtained in the data reduction pipeline. Each
spectrum is then fit using the same fitting routine to
obtain 1000 sets of parameter values for each galaxy.
Figure 6 shows a sample of fitted models for different
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regions of the galaxy spectra, which demonstrates the
spread in model fits with our spectra. In Table 3, we re-
port the median value and the uncertainty corresponds
to the standard deviation of the distribution of the set
of parameter values obtained in the bootstrap analysis.
For the chemical abundances, our uncertainties range
from ~ 0.1 — 0.4 dex, with the lighter elements (C, N,
O, Mg, Si, Ca, Ti) generally having smaller uncertain-
ties than the heavier elements (Cr, Mn, Co, Ni, Cu, Sr,
Ba, and Eu).

5. COMPARISON TO ETGS WITHOUT FINE
STRUCTURE

We compare our results to other spectroscopic galaxy
surveys that use full-spectrum fitting in order to study
the relation between fine structure content and the
chemical abundance ratios in ETGs. The first of our
literature sources is the work done in Conroy & van
Dokkum (2012b), Conroy et al. (2013a), Conroy et al.
(2013b), and Conroy et al. (2018), from which the
ALF fitting routine originated. Their work uses stacked
SDSS observation to obtain high SNR spectra for dis-
crete velocity dispersion bins of ETGs. In Conroy &
van Dokkum (2012b), they examine 34 ETGs from the
SAURON survey (Bacon et al. 2001, de Zeeuw et al.
2002). We also compare our work to the ATLAS3D sur-
vey of ETGs (Cappellari et al. 2010), which includes a
star formation history and stellar population study done
in McDermid et al. (2015). Gu et al. (2018b) also uses
ALF to study stacked spectra taken from the MaNGA
survey (Bundy 2015, Yan et al. 2016, Drory et al. 2015,
Wake et al. 2017, Abolfathi et al. 2018), specifically
ETGs in the Coma Cluster. Additionally from the
MaNGA survey, Parikh et al. (2021) uses stacked spec-
tra to study gradients using line indice models to obtain
ages, chemical abundances, and kinematic information.
Their work uniquely studies not only ETGs, but select
late-type galaxies as well, which allows comparisons of
our sample of recently merged galaxies with other galaxy
types. We compare to Greene et al. (2015) which uses
galaxies from the MASSIVE survey (Ma et al. 2014),
which is a volume-limited survey that excludes large
spiral and interacting galaxies. Finally, we include re-
sults from Feldmeier-Krause et al. (2021), that obtained
abundance ratios for 8 ETGs and 1 low surface bright-
ness spiral galaxy using full spectrum fitting methods.
Many of the surveys explore gradients, and thus report
abundances for various radii from the galactic center.
For the purpose of this study, we only compare to the
literature results at the center of each system.

5.1. Velocity Dispersions and Ages

The velocity dispersion, o, is a proxy for the galaxy
mass, with higher o correlating with more massive
galaxies (Faber & Jackson 1976). As can be seen in
Figure 3, more massive galaxies tend to be dominated
by older stellar populations (McDermid et al. 2015, Gu
et al. 2018a, Feldmeier-Krause et al. 2021). As shown in
Figure 3, NGC 2865 shows a younger stellar populations
than most of the galaxies in its mass range (with the ex-
ception of a few other outliers), while NGC 3818 and
NGC 4915 are determined to have ages that are similar
to other ETGs of similar mass ranges, within uncertain-
ties. It is possible that the merger events of NGC 2865
produced periods of star formation from which there are
more young stars contributing to the integrated light
(Hopkins et al. 2008).

5.2. Chemical Abundance Comparisons

Elements that produce strong features in ETG spec-
tra, such as C, N, Mg, Ca, and Ti, have been measured
in many surveys (Conroy & van Dokkum 2012b, Greene
et al. 2015, Parikh et al. 2021, Feldmeier-Krause et al.
2021). To reach the SNR needed (SNR > 100, Conroy
& van Dokkum 2012b) to measure elements such as Cr,
Mn, Co, Ni, Cu, Sr, Ba, and Eu, surveys often bin ETGs
into discrete mass bins and coadd the low SNR spectra.
As a result, Fe-peak elements are less reported than the
lighter elements, and we are limited to comparisons to
Conroy & van Dokkum (2012b). There are no galax-
ies with reported abundances for some heavy elements,
such as Cu and Eu.

We find that while the three ETGs have median [C/Fe]
derived abundances of about 0.1-0.2 dex lower than lit-
erature ETGs. While our C abundances are lower than
the trend established by the literature ETGs, the re-
sult may be unsurprising as we see a slightly super-solar
N abundances. At metallicities of [Fe/H]> —0.2 dex,
Maiolino & Mannucci (2019) show that N may be pro-
duced as a secondary element from intermediate stars
already enhanced in C and O, which could result in a
higher N abundance and a lower C abundance following
a burst of star formation. Furthermore, Conroy et al.
(2013a) show that N tracks O very closely, while C does
not at higher velocity dispersions (logo > 2.1 km s71).
Similar to N, all three ETGs are determined to have
[O/Fe] ratios that lay in the same abundance range as
the literature ETGs.

Mg is a well-studied element in ETGs, as it produces
strong and localized spectral lines that contribute to the
integrated light spectrum (as can be seen in the bottom
panel of Figure 8.4 in Appendix A). As can be seen
in Figure 4, all three of our ETGs lie close to or on the
observed literature ETG [Mg/Fe] abundance values. We
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also find similar abundnaces within uncertainty for Si to
the literature ETGs. However, with the [Ca/Fe] abun-
dance, we find that NGC 2865 has a significantly higher
[Ca/Fe| abundance when compared to ETGs of a simi-
lar velocity dispersion, while NGC 3818 and NGC 4915
have abundances that lie near the literature ETG abun-
dances. As mentioned in Section 4.1.2, the a-elements
are formed through the stellar evolution of massive stars
(Kobayashi et al. 2020). The [a/Fe] is observed to de-
crease at [Fe/H]> —1 due to increased Fe contributions
from Type Ia SNe.

As Conroy et al. (2013a) uses stacked o bins, we do
not know the scatter for Cr, Mn, Co, and Ni in each
o bin, however their measurements show trends as the
galaxies grow in mass for the Fe-peak elements. Cr, Mn,
Ni remain near solar ([X/Fe]~ 0) for all mass bins, as
these elements are produced in the same processes that
produce Fe. Co, an element thought to form in massive
stars, does break this trend by increasing in [Co/Fe] with
increasing 0. The 3 ETGs studied in this work gener-
ally lie around the trends seen in Conroy et al. (2013a),
however we find that NGC 2865 lies above the results
of Conroy et al. (2013a) in Cr and Mn. As noted in
Section 4.1, NGC 2865 being enhanced in Cr and Mn
could be a result of a rapid enrichment, possibly due to
the merger event, where Type Ia SNe could not occur
quick enough to inject Fe into the ISM and lower the
abundance ratios with respect to Fe. We find a Solar
[Ni/Fe]~ 0 ratio for NGC 2865, which does not follow
the the other Fe-peak elements (like Cr, Mn, Co). The
solar value of [Ni/Fe] is consistent with chemical evolu-
tion models and observations of stars at a [Fe/H] > —1.
Ni and Fe are both produced in the complete Si-burning
region of a star, which makes the the [Ni/Fe] ratio unaf-
fected by multiple periods of star formation (Kobayashi
et al. 2020). The production of Mn and Cr on the other
hand, are produced in the incomplete Si-burning region,
and could thus have been enhanced relative to Fe during
bursts of star formation, as observed in NGC 2865, due
to material ejection during SNe (Kobayashi et al. 2020).

Conroy et al. (2013b) reports abundances for Sr and
Ba in ETGs for both stacked SDSS spectra and low-
resolution spectra for individual galaxies. We show our
results compared to Conroy et al. (2013b) in Figure 5,
where the Sr and Ba abundance ratios are plotted for
ETGs with respect to their [Mg/Fe] ratios. The decreas-
ing [Ba/Fe] trend with respect to the [Mg/Fe] abundance
probes the timescale of star formation within the ETG,
with shorter timescales leading to higher [Mg/Fe] values
and lower [Ba/Fe] values (Conroy et al. 2013b). The
three ETGs studied in our work are determined to have
solar abundances, which agrees with the Sr results of
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Figure 5. [Sr/Fe] (upper panel) and [Ba/Fe] (bottom panel)
abundance ratios of this work (NGC 2865 - stars, NGC 3818
- circles, and NGC 4915 - triangles) compared to results pre-
sented in Conroy et al. (2013b) (filled, light-blue hexagons
for LRIS individual galaxies, and unfilled, red hexagons for
stacked SDSS data) for early-type galaxies. We see agree-
ment for the [Sr/Fe] trend, but we do not observe a decreas-
ing [Ba/Fe] trend found in Conroy et al. (2013b).

Conroy et al. (2013b), but not the decreasing trend of
Ba with increasing Mg.

6. DISCUSSION

The abundance ratios shown in Figure 4 for previous
ETG studies show the observed chemical abundances for
quiescent galaxies for a given mass. We explore how the
merger history of ETGs could have altered the chemical
evolution history in these systems by modeling different
merger scenarios. For example, a late (z < 1), disk-disk
merger would experience a large fraction (up to 40%) in
situ star formation in the central region of the merger
remnant (Barnes & Hernquist 1996, Naab et al. 2014).
As the two progenitor galaxies merged, early dissipation
and inflows of gas from the parent galaxies cause an
increased star formation rate during the first pass of the
merger (Mihos & Hernquist 1996). The stars formed in
this phase of the merger are in general massive and hence
enrich the interstellar medium (ISM) gas on a timescale
of ~ 20 Myr. These massive stars then quickly inject
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spectrum.

a-elements and Fe-peak elements such as Cr, Mn, Co
into the ISM.

6.1. NGC 2865

NGC 2865 contains the most fine structure out of our
3 ETGs, with a fine structure constant of ¥ = 6.4. We
note that NGC 2865, which is the only galaxy to show
statistically higher Ca, Mn, and Cr abundances com-
pared to ETGs without fine structure, is the youngest,
least massive, and most recently perturbed system out

of our 3 ETGs. We explore possible physical explana-
tions that would lead to enhancement of certain a-, and
Fe-peak elements.

Simulations of major mergers suggest that there are
two periods of intense star formation during the galaxy-
pair interaction, one occurring during the first-pass of
the progenitor galaxies, and the second occurring dur-
ing coalescence (Moreno et al. 2019, Moreno et al. 2021).
We test if a simple two burst model would be sufficient in
explaining the differences in abundances for NGC 2865
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Figure 7. Chemical abundances as a function of time for
a gas cloud with an initial solar metallicity using the Star-
burst99 program (Gonzdlez Delgado et al. 1999, Vazquez &
Leitherer 2005, Leitherer et al. 2010, Leitherer et al. 2014).
The abundances displayed are derived using the yields mod-
eled by Starburst99 for a gas cloud with a mass comparable
to NGC 2865.

compared to other ETGs without fine structure using
the Starburst99 program (Gonzdlez Delgado et al. 1999,
Vazquez & Leitherer 2005, Leitherer et al. 2010, Lei-
therer et al. 2014). Starburst99 outputs yields of some
elements as a function of gas cloud mass, IMF param-
eters, and time. We use Starburst99 to model the pre-
dicted elemental yields as a function of time after a sin-
gle burst star formation event. We model this by as-
suming an initial ISM at solar metallicity with default
Starburst99 parameters [IMF, cutoff, etc.] and plot the
resulting metallicity of the gas, assuming fill mixing of
the enriched gas predicted by SB99 yields. We show
the [X/Fe] abundance ratios of gas cloud modeled by
Starburst99 in Figure 7 for C, N, O, Mg, and Si. We
find that there is not enough time for stars born dur-
ing the starbursts periods of a merger to both signifi-
cantly contribute to the light output of the galaxy, and
to have abundances similar to what we determine for
NGC 2865. The discrepancy between our abundances
for the a-elements and the abundances modeled in Star-
burst99 suggests that a simple two-burst model scenario
cannot fully capture the chemical evolution taking place
before or after a major merger event. Additional envi-
ronmental components such as other periods of starburst
activity, chemically peculiar progenitor galaxies, or ac-
cretion of chemically enriched satellite galaxies into the
central regions of merger remnants could be the cause
of the abundance offsets seen in NGC 2865.

6.2. NGC 3818

NGC 3818 does not show any abundance differences to
ETGs without fine structure. NGC 3818 experienced its
major merger earlier than NGC 2865, and which could
explain the agreement of [a/Fe] ratios to ETGs with-
out fine structure. The fine structure constant of NGC
3818 is the lowest of the 3 ETGs studied in this work at
> = 1.3 In the case of NGC 3818, its main fine structure
feature is a boxy isophote with an embedded disk, which
are both structures associated with high mass, gas poor
(dry) mergers (Giri et al. 2023). If the fine structure was
formed in a dry merger, then we would expect a lack of
chemical differences to ETGs without fine structure, as
there would have been little-to-no star formation during
the merger. The abundances we observe in NGC 3818
demonstrate that its dry merger event did not chemi-
cally alter the system.

6.3. NGC 4915

Finally, in the case of NGC 4915, we find chemical
abundance ratios similar to NGC 3818 and other ETGs,
however NGC 4915 is fit with a younger stellar pop-
ulation (relative to other ETGs of a similar mass) at
its center and it possesses a fine structure constant of
¥ = 5.5. Schweizer et al. (1990) suggests that NGC 4915
was a product of a disk-disk merger, and if NGC 4915
experienced enough gas inflow to the center of the galaxy
spurring star formation, it would explain the presence of
a younger stellar population. Assuming that the stellar
and gaseous abundance patterns are the same in the pro-
genitor galaxies that formed NGC 4915, the gas present
at the time of the merger was likely chemically similar
to the gas found in ETGs without fine structure at the
same epoch. As a result, the resulting stellar population
that formed during the merger would then be chemically
similar to that of ETGs without fine structure.

6.4. Chemical Abundances and Fine Structure

While the fine structure constant, X, is a useful mea-
surement of how disturbed a system is, the 3 ETGs
here show that its value does not indicate a level of
chemical enrichment. NGC 3818 and NGC 4915, the
two ETGs whose fine structure mostly comes from their
boxy isophotes, show little chemical differences to ETGs
without fine structure. However, NGC 2865, which pos-
sesses tidal tails and extended shells, shows offsets in
the a, and Fe-peak elements when compared to ETGs
without fine structure. As mentioned in Section 1, NGC
2865’s shells resemble disk galaxies in color as a result
of disk-disk galaxy merger, therefore the younger, blue
populations of the shells may be linked to the younger
stellar populations observed at the center of NGC 2865.
NGC 3818 and NGC 4915’s lack of abundance to ETGs
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without fine structure, compared to the chemical offset
seen in NGC 2865 could indicate that the type of fine
structure (i.e. boxy isophotes versus stellar streams and
shells) present around a merger remnant correlates with
the chemical composition of the merger remnant.

7. CONCLUSIONS

We present elemental abundance ratios for three early-
type elliptical galaxies that have fine structure. The
chemical compositions derived from their nuclear spec-
trum offers a unique look into if and how the stellar
populations at the center of ETGs are affected by major
mergers. After comparing our ETGs with fine structure
to literature ETGs without detected fine structure, we
offer the following conclusions:

e We present the derived abundance ratios for a wide
array of elements including C, N, O, Mg, Si, Ca,
Ti, Cr, Mn, Co, Ni, Cu, Sr, Ba, and Eu. We
conduct a bootstrap analysis to probe the relia-
bility of the determined abundances and find that
the heavier elements like Cu, Sr, Ba, and Eu are
subject to larger uncertainties due to their small
response functions and ability to be blended with
stronger, nearby elements. Therefore, it is imper-
ative to maximize SNR in spectra and improve our
understanding of the response functions of heavy
elements and refining our stellar library models if
we want to better constrain their abundances.

e Among the three galaxies we analyzed in this pa-
per, only NGC 2865 shows a chemical difference
to literature galaxies without fine structure. We
determine that an ETG having fine structure does
not necessarily mean its abundance pattern will
differ from other ETGs of similar mass.

e We attribute the abundances differences found in
NGC 2865 to the star formation that occurred dur-
ing its last, major merger. The higher derived
abundance ratios in NGC 2865 for Ca, Cr, and
Mn as compared to ETGs without fine structure
could suggest a more complex star formation his-
tory than a simple, two-burst scenario. A more
complex scenario would be necessary to charac-
terize NGC 2865’s SFH, and would have to con-
sider other merger variables such as the effects of
gas inflows and outflows during the merger. Addi-
tionally, a more complex SFH could explain why
some of the elements such as Ca, Cr, and Mn are

enriched, while other elements in the same nucle-
osynthesis family are not.

Our study of the chemical abundances at the center
of ETGs with fine structure has revealed that the pres-
ence of fine structure alone does not imply a chemical
difference for the stellar populations, however, there is
evidence that the type of fine structure and the varia-
tions in abundance patterns may be a consequence of the
same event, the merger and associated star formation.
Future chemical abundance studies, especially Integral
Field Spectroscopy (IFS) to derive abundance gradients
from the center to the outer regions of ETGs with fine
structure, will be a valuable tool in determining the ex-
tent that the type of fine structure alter the chemical
abundances. IFS spectra of ETG regions associated with
types of fine structure seen in NGC 2865 (shells, tidal
streams), can be compared to the spectra obtained from
regions without fine structure in the same galaxy. This
comparison will show how the type of fine structure cor-
relates with abundances, and furthermore the chemical
evolution history associated with different types of fine
structure.
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APPENDIX

A. DETAILED RESULTS

In order to evaluate the fit of each individual element by ALF, we produce plots that display characteristics of the
fitting routine. For each element we display the median, fitted abundance ratio compared to other ETGs (top left
panel in each figure), the distribution of fitted values for that element from our bootstrap analysis (top right panel),
the parameter covariance between the element and other fitted parameters of ALF (middle row panel), and finally the
response function (what wavelength regions the element affects) of the element (bottom row panel).

In the subfigures of Figure 8, we compare our abundance ratios to ETG studies by Conroy & van Dokkum (2012b),
Conroy et al. (2013a), Conroy et al. (2013b), Greene et al. (2015), Feldmeier-Krause et al. (2021), and Parikh et al.
(2021). The colors and symbols used for the literature samples are consistent with Figure 4. We compare literature
sources that also use full spectrum fitting methods in order to provide a consistent comparison sample.

The parameter covariance is shown by the correlation coefficients graph. Parameters that show a strong correlation
indicate that when ALF produces a model with the selected parameter at a certain value, other parameters that
correlate are typically fit with similar trends (e.g. a large O abundance model often has a large C abundance as well).

We include the response function of each element to show the areas of the spectra that are most affected by changes
in the specified element. The response function is constructed by taking two models generated by ALF, with all of
the same parameter values, except for that of the element of interest. The difference between these two models thus
show where the spectra changes when there is a difference abundance ratio present. We use the response function to
determine if we are fitting the strongest regions of the spectra for that particular element.

Fig. Set

8.

Individual Abundances
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Figure 8a. Determinations of carbon abundance in each ETG. Top left panel: Comparison of [C/Fe] abundance ratios to
literature ETGs plotted against the velocity dispersion. Top right panel: Distribution for the carbon abundance from 1000
fitting routines run over spectra sampled from our observed spectrum. The MCMC routine utilized 1024 walkers and a chain
of 10,000 after the burn-in. Middle panel: Parameter covariance of carbon compared to the other parameters in the fit. Blue,
right-leaning ovals indicate a strong correlation, red, left-leaning ovals indicate anti-correlation, and round, pale ellipses indicate
no correlation. Bottom panel: Difference between two models synthesized with [C/Fe] ratios + 0.5 dex above and below the
median of the [C/Fe] posterior distribution. Areas of the spectrum that deviate from 0 show where carbon has an effect on the
integrated light.
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Figure 8c. Same as Figure 8a, but for oxygen.
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Figure 8e. Same as Figure 8a, but for silicon.
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Figure 8g. Same as Figure 8a, but for titanium.



STELLAR ABUNDANCES OF ETGS WITH FINE STRUCTURE

0.6 > Conroy et al. 2013a === NGC 2865
* NGC 2865
® Nocaets i NGC 3818
0.4 W NGC 4915 s NGC 4915
. "7 e
+ WP
0.01 * B > > + L
5 N
Y02
-0.4
-0.6
2.0 2.1 2.2 2.3 24 Distribution of Bootstrap Fit Results
log(o)
Parameter Covariance with Cr .
NGC4915 e g
c
NGC3818 |\ e o2
>
NGC2865 yd 38
0w DD D D D D D D D D D D D D D D N B
I I I I A S A R I A A AR A ‘<Q' & &Y
oF @ T F T M E T @\ &
& —— NGC 2865
—— NGC 3818 L
—— NGC 4915
Masked Regions
. Mt o Mk "
4000 5000 6000 7000 8000
A (A)
Figure 8h. Same as Figure 8a, but for chromium.
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Figure 8i. Same as Figure 8a, but for manganese.
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Figure 8j. Same as Figure 8a, but for cobalt.
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Figure 8k. Same as Figure 8a, but for nickel.
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Figure 81. Same as Figure 8a, but for copper.
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Figure 8m. Same as Figure 8a, but for strontium.
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Figure 8n. Same as Figure 8a, but for barium.
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Figure 8o. Same as Figure 8a, but for europium.
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