UNIVERSIDAD DE CONCEPCION
DIRECCION DE POSTGRADO
FACULTAD DE CIENCIAS FISICAS Y MATEMATICAS
PROGRAMA DE MAGISTER EN CIENCIAS CON MENCION EN FiSicA

ESTUDIO QUIMICO DEL CUMULO GLOBULAR
NGC-5927

(CHEMICAL STUDY OF THE GLOBULAR
CLUSTER NGC-5927)

TESIS PARA OPTAR AL GRADO ACADEMICO DE

MAGISTER EN CIENCIAS CON MENCION EN Fisica

POR

ALDO ANDRES MURA GUZMAN

Profesor Guia: Dr. Sandro Villanova
Departamento de F’isica
Facultad de Ciencias Fisicas y Matemdticas
Universidad de Concepcién

Comisién: Dr. Sandro Villanova
Dr. Douglas Geisler
Dr. Dominik Schleicher

Abril, 2017

Concepcidn, Chile



Acknowledgements

I want to thank to my advisor Sandro Villanova and Prof. Douglas Geisler for their support and
continuous guidance in this research, my MSc. thesis. Also thanks to PoP star group of the astron-
omy department, specially to Cesar Muiioz and Baitian Tang for the discussions, teachings, ideas
and time invested in this research.

I would like to express my deepest gratitude for all the people involved indirectly in this thesis,
my friends and classmates Mauricio, Camila, Valeria, Carla, Alejandra, Nelvy, Dania, Pamela
and Heinz for being my family in this home, the office 112. Also I would like to thank to those who
brings life to the astronomy department offering you smiles, kindness, little gives and nice talks
every day, Jeanette Espinoza, Marcela Sanhueza, Don Victor and Marllory Fuentes. And those
who are not involve scientifically in astronomy, my friends in Iquique and Concepcion.

Also gratefully the financial assistance of Fondo BASAL Centro de Astrofisica y Tecnologias
Afines (CATA) PFB-06/2007.

Last but noway least, I gratefully thank my family for their unconditional support in any aspect

and giving me the strengths to keep going.

To all these people, because without them this could not have been possible, this is also yours.

Aldo Mura
Concepcion, April 2017.

ii



Abstract

Globular Clusters (GCs) are natural laboratories where stellar and chemical evolution can be stud-
ied in detail. In addition, their chemical patterns and kinematics can tell us which Galactic structure
(Disk, Bulge, Halo or extragalactic) the cluster belongs to. NGC 5927 is one of most metal-rich
GCs in the Galaxy and its kinematics links it to the Thick Disk. We present abundance analysis
based on high resolution spectra of 7 giant stars. The data were obtained using FLAMES/UVES
spectrograph mounted on UT?2 telescope of the Very Large Telescope (VLT) of the European South-
ern Observatory. The principal motivation of this work is to perform a wide and detailed chemical
abundance analysis of the cluster and look for possible Multiple Populations (MPs). We deter-
mined stellar parameters and measured 22 elements corresponding to light (Na, Al), alpha (O, Mg,
Si, Ca, Ti), iron-peak (Sc, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) and heavy elements (Y, Zr, Ba, Ce, Nd,
Eu). We found a mean iron content of [Fe/H]=-0.47 £0.02. We confirm the existence of MPs in
this GC with an O-Na anti-correlation, and moderate spread in Al abundances. We estimate a mean
[a/Fe]=0.25 £0.08. Iron-peak elements shows no significant spread. The [Ba/Eu] ratios indicate a

predominant contribution from SNell for the formation of the cluster.
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Chapter 1

Introduction

Galactic Globular Clusters (GGCs) are considered as natural laboratories for the study of different
stellar evolution processes, and they are among the oldest objects in the universe. We can compare
GCs with the different components of the Milky Way looking for inter-relationships in their chem-
istry and/or kinematics. The Galaxy is made-up by at least 3 main structures: The Halo, the Bulge
and the Disk. This last one is suggested to have two major distinct sub-components: Thick Disk
and Thin Disk (Gilmore & Reid, 1983) where GGCs can be found in each one of these structures.
(See Figure 1.1 as an example). The differences between the Galaxy components is exhibited in
the metallicity, abundance enhancements, age and kinematics among others which can be observed

in GGC too.

Figura 1.1: Representation of the distribution of GCs in the Milky Way (Murdin, 2001).
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When we talk about the Galactic Bulge, we are reffering to an important structure of the Milky
Way which mass estimations goes from the 10% ( , ) to the 25% ( ) of the
total stellar mass in the Milky Way. ( ) and ( ) have estimated
an age about t = 10 4 2.5 Gyr for the bulk of the metal-rich population of the Galactic Bulge and
its kinematics behaviour is dominated by a rotationally supported system with a rotational peak of
~75kms~! ( , ; , ; , ), in addition to a high velocity

dispersion ( , ) which decreases along the distance from the Galactic center.

Meanwhile, the Thin and Thick Disk structures have different stellar populations observed for
the first time by ( ) studying the stellar density at difference Galactic latitudes
towards the Galactic North pole. Much observational evidence ( , ;

, ; R R ; R ) indicates that both sub-structures
have different chemical origins and have passed through different chemical evolution. The stellar
population of the Thick Disk host old stars within 8 to 10 Gyr while the Thin disk stars shows

younger ages ( , ; uster et al., 2006).

A completely different structure is the Halo which is constituted by stars and GCs spherically
distributed surrounding the Bulge and Disk. The Halo is much less massive than the Bulge or Disk
with an estimated stellar mass of My = 4 — 7 x 10® M, , about 1% of the Galaxy’s stellar mass
( , ). In addition, the stars hosted in the Halo are generally old and

metal-poor.

Not long ago, stars in GCs were originally considered coeval ( , ) and
initially chemically homogeneous. Today, we know that GCs host Multiple Populations (MPs) in
their stellar content and both photometric and spectroscopic methods are used in order to under-
stand this phenomenon. Using spectroscopy we can observe spreads in the light element contents
(C, N, O, Na, Mg, Al) forming patterns between them as correlations or anti-correlations. These
signatures come from different reactions ( , ; , )
which are simultaneously active, depleting some light elements and enhancing others. These reac-
tions are carried out by proton capture during Hydrogen burning at high temperature (~ 15 x 10°K
for CNO chain, ~ 30 x 10K for NeNa chain and ~ 70 x 10°K for MgAl chain) achieved in

relatively massive stars (M > 2Mg ). Figure 1.2 shows the diagram for the three cycles.
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Figura 1.2: Diagrams for the CNO, Ne-Na and Mg-Al cycles ( , ).
The feature best studied is the Na-O anti-correlation ( , ,b). Every GGC

(and others extra-Galactic GCs) we know so far follows this pattern with the only exception of
Ruprecht 106, which possible extragalactic origin (Villar , ) might be an explanation
for its observed SSP. Figure 1.3 shows the O-Na anti-correlation in 19 GGCs where the shape
and extension of the feature varies from cluster-to-cluster, but it is present in all the sample. This
anti-correlation between Na and O is probably due to the evolution of massive stars in early stages
of the GC. A First Generation (FG) of stars (i.e. Na-rich O-poorer) polluted the intra-cluster gas

left behind with processed material and then a second generation (SG) of stars was formed being

Na-richer and O-poorer ( , ). There are several candidates for this light
element polluter: intermediate mass AGB stars ( , ), fast rotating massive MS
stars ( , ) and massive binaries ( , ). However, none of the

proposed scenarios to date is able to account for all of the observed MP phenomena and a new

theory is badly needed.
On the other hand, heavy elements are produced by neutron capture. This process can be slow

(s-process) or rapid (r-process), depending on the ratio of the time scales of neutron capture to beta

decay. These processes are carried out in AGB stars for the s-process or SNell explosions for the
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r.process and their relative abundances give us an idea about which process contributed more in the

chemical evolution of the cluster as we will discuss later.
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Figura 1.3: Carretta et al. (2009a) : Na-O anti-correlation in 19 GGCs

The estimation of chemical abundances can be made by photometric or spectroscopic analysis.
From the photometry some estimations can be done. If an element is more abundant, the absorption
line will be deeper, implying a lower intensity in a certain wavelength range which can be studied
with a filter sensitive to these variations. The differences in chemical abundances from star-to-star
in a cluster can give us information, for example, about its MPs.

Chemical abundances derived from spectroscopy give us accurate values where two techniques
are the most used and powerful: equivalent widths (EWs) and spectrum-synthesis. Both methods
require an atmospheric model and a line list with the spectral lines information as input in order
for the program to identify . The EWs correspond to a geometrical method where the area of the
absorption line is identical to a rectangle considered under the normalized continuum in a intensity
flux-wavelength diagram, where the base of the rectangle is at O flux and whose width yields the

same area as measured in the actual line. The width of the rectangle is given by the following



definition for the EW’s equation:

A2
Wy = / (1— Fy/Fo)d,
A

1
where F), is the intensity across the the wavelength range between \; and Ao, Fyy correspond
to the continuum intensity which is generally normalized. A representation of both, the observed

spectral line and the rectangle constructed is shown in figure 1.4 as an example.

continuum level

mtensity (I)

line profile

(W)

S wi S /B .
wavelength (1)

Figura 1.4: Representation of EWs method for chemical abundances estimations (Image created
by Dorottya Szam).

The other analysis method is the spectrum-synthesis which basically compares the observed
spectrum with a synthetic one. This method has the advantage to compare spectral lines which are
not so deep and can not be measured via EWs, mainly because of their strong blending with other
lines. During the fitting process the synthetic spectrum can be modify by setting the continuum,
the full width half maximum (FWHM) and the abundance of the measured element, among oth-
ers parameters, in order to recreate as best as possible the spectral line. At the end of the fitting
process, the chemical abundance can be estimated with with high accuracy. An example of this

method is represented in figure 3.1.

In this work we present a chemical study of the GC NGC 5927 based on high resolution spectra
taken from UVES. This cluster is very old with an age of 12.25 Gyr ( , ) which

means that it was formed during the earliest stages of the Galaxy formation and could give us a hint



6 CHAPTER 1. INTRODUCTION

about how the initial material got processed chemically. About kinematics,

( ) and ( ) concluded that the orbital parameters of NGC 5927 is consistent with
that of a rotationally supported system, suggesting this GC belongs to the Thick Disk. In terms
of chemical abundances instead, there is a lack of studies using high resolution spectra. Many at-

tempts have been made in order to estimate its metallicity based on low- resolution Cayy IR triplet

measurements ( , ) before 2013. Then, in the catalogue performed by
( ,ed. 2010), a value of [Fe/H]=-0.49 dex was obtained by averaging metalicities derived from
( ), ( ) and ( ). Finally, the most recent

study about chemical analysis related to NGC 5927 was performed by

( , Hereafter P17) where their study was focused in the Mg-Al anti-correlation in 9 GCs
including NGC 5927. The elements presented in are Fe, O, Na, Mg and Al which we are going
to compare with our measurements. In addition, and us are the first high-resolution studies
of NGC 5927, which is the optimum method to derive detailed abundances for a large number of

species with a variety of nucleosynthetic origins.

In Section 2 we describe the observations and data reduction performed for the study. Section
3 is a description of the methods used in order to derive the chemical abundances and the errors
analysis. In Section 4 our results are presented and compared with different components of the
Galaxy and other GCs and finally in Section 5 we give a summary, present our findings and proffer

our conclusions.
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Observations and Data Reduction

The dataset consist of high resolution (R ~ 40000) spectra of 7 giant stars from NGC 5927 us-
ing the Ultraviolet Echelle Spectrograph (UVES) ( , ) on the VLT .The central
wavelength was centered in 580 nm and the spectral range covers between 480 nm and 620 nm
(CCD#3, filter SHP700, red arm only). Each star spectrum is the combination of spectra from
20 observing block (OB) with an exposure time of 3600 s for each OB. The data was obtained
from the ESO Archive' as public data. The selection of targets was made using a CMD based on
observations with the Advanced Camera for Surveys (ACS) on-board Hubble Space Telescope and
the spatial distribution of the observed stars is shown in figure 2.1 including the core radius and
the half mass-radius. 1. (2008) calculated a tidal radius for NGC 5927 using ? formula
(Rg) and a reduced King’s formula (R,) in two different potential. In an axisymmetric potential
Rg=52.1pc and R.=61.5pc but under a barred potential R x=49.8pc and R,=57.6pc. For a more
detailed explanation about the target selection and data reduction, please see ( ,
Sections 3 and 4). Regarding to the star sample, there seems to be two AGB stars in our data which

we marked with a circle in case of strange behaviours.

!Observations were made in ESO facilities on VLT-UT2 telescope, Cerro Paranal, under program ID 079.B-0721(A).
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Figura 2.1: A 10’ x 10’ digitized sky survey image centered on NGC 5927. North is up and east
to the left. The green symbols show the location of the spatial distribution of the 7 stars analyzed.
The dashed circles correspond to the core radius, r.=0.42’, and half mass-radius, r;,=1.10" (

, 2010 ed).



Star 604.7-605.3 nm 606.8-607.6 nm

1 48.13 50.24
2 41.36 35.05
3 39.72 37.54
4 30.58 36.00
5 34.82 40.56
6 36.95 40.30
7 47.64 49.49

Tabla 2.1: Estimation of the signal-to-noise ratio in each star between 604.7-605.3 nm and 606.8-
607.6 nm.

The signal-to-noise ratio (S/N) in our spectra is between 20-50 at ~ 600 nm. Table 2.1 shows
the S/N of each star in two different wavelength ranges. About data reduction, bias subtraction,
flat-field correction and wavelength calibration were performed using the UVES pipeline version
5.7.0°. The sky subtraction, and spectral rectification were performance using Sarith and contin-
uum tasks in IRAF.

Radial velocities were measured using the fxcor task in IRAF and a synthetic spectrum as a
template. Radial velocities indicate that the 7 stars are members of the cluster and we found a mean
radial velocity of v, = —102.45 #+ 3.50 km s~!. This value is in good agreement with

( ), who found a mean radial velocity of v, = —104.03 £ 5.03 km s~1 for the cluster
using the same UVES data, but also GIRAFFE data (72 member stars).

The position of NHC 5927 in the Galaxy is shown in Figure 2.2 with a distance about 4.6 kpc
from de Galactic center and a height compatible with the Thick Disk. Also, its Galactic coordinates

are [=326.60, b=4.86 (degrees).

Pipelines list on http://www.eso.org/sci/software/pipelines/.
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Abundance Analysis.

Because NGC 5927 is close to the Galactic plane as show in Figure 2.2 (b = 4.86°), its extinction
is relatively significant. ch & Richtler (1999) found a total reddening of Ey_; = 0.43 +0.02
and a maximum differential reddening of AE‘]}/[ _AIX = 0.27. In order to avoid errors introduced by
photometric estimations due to the strong extinction, we derive stellar parameters using spectra.
We used the Local Thermodynamic Equilibrium (LTE) MOOG program ( , ) for
the abundance analysis coupled with ATLAS9 (Kurucz, 1970) atmospheric models. For the anal-
ysis we used spectral linelists from Ve isler (2011) and the solar abundances listed in

column 10 of Table 3.2.

Tabla 3.1: Basic parameters of our star sample in NGC 5927.

ID  RAgipre DECriyye Vreosw Irsaw  RVe  Tepp  log(g) vt [Fe/H]
(deg) (deg) (mag)  (mag) (km/s) (K) (dex) (km/s)

232.02279 -50.67275  16.04 1582  -105.279 4519 2.61 1.10 -0.54
231.99008 -50.66175  16.16 1598 -101.163 4500 2.60 1.21 -0.49
232.02242 -50.69211 16.19 16.09 -102.328 4835 2.86 1.59 -0.44
232.01121 -50.65447  16.03 15.88  -105.656 4422  2.56 1.40 -0.47
231.98354 -50.68953  16.02 15.83  -102.252 4430 2.52 1.22 -0.51
232.03792 -50.65622  16.08 15.88  -105.538 4376  2.28 1.06 -0.37
231.98742 -50.67450  16.12 1594  -94.948 4358 224 0.96 -0.49

NN NN -

The atmospheric parameters were obtained varying the effective temperature (1. ), micro-
turbulent velocity (v;) and gravity (log(g)) in order to remove any trend between the excitation
potential and equivalent width vs. abundance, and to satisfy the ionization equilibrium respec-
tively. The Fel and Fell were used for this latter purpose. The [Fe/H]value of the model was

changed at each iteration according to the output of the abundance analysis. The final derived

11
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stellar parameters for each star used in the analysis are listed in Table 3.1.

Two different techniques were used to obtain the element abundances from our spectra. The Ca,
Ti V, Cr, Fe, Co and Ni abundances were measured using Equivalent Widths (( s ,
see EWs)). For O, Na, Mg, Al, Si, Sc, Mn, Cu, Zn, Y. Zr, Ba, Ce, Nd and Eu we used the spectrum-
synthesis method because of the blending with other spectral lines. For each line we calculated 5
synthetic spectra varying the abundance. The value that minimizes the rms fit to the observations is
our final estimation. Figure 3.1 is an example of the fitting process in Mn and Al absorption lines in
Star #2. We selected lines not contaminated by telluric lines and we made special considerations
for Ba and Na. We took hyperfine splitting into account for the Ba measurements and the Na
abundances were corrected for non-LTE (NLTE) using corrections provided by the INSPEC !
database.

In addition, a detailed internal error analysis was performed by varying T.yy, log(g), [Fe/H],
and v;by an amount equal to the estimated internal error in each parameter. Then Abundances in
star #2 was re-measure, assuming that it represent the entire sample. The parameters were varied
by AT.;y = +65 K, v, = +0.08 Km s~%, Alog(g) = +0.09 and A[Fe/H] = +0.03 dex.
This estimation of the internal errors for atmospheric parameters was performed as in
( ). The results of errors are listed in Table 3.3, including errors due to the noise in the spectra.
This error was obtained for elements whose abundance was obtained by EQWs, as the average
value of the errors of the mean given by MOOG, and for elements whose abundance was obtained
by spectrum-synthesis, as the error given by the fitting procedure. The oy, is the square-root of
the sum of the squares of the individual errors, while o is the mean observed dispersion for each

element.

lhttp ://inspect.coolstarsl9.com/index.php?n=Main.HomePage
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CHAPTER 3. ABUNDANCE ANALYSIS.

Tabla 3.2: Chemical abundances derived from our FLAMES/UVES data. First column: Elements
ID. Columns 2-8: Abundances derived from our observed stars.
abundance. Column 10: Solar abundances adopted for the analysis.

Column 9: NGC-5927 mean

El 1 2 3 4 5 6 7 Cluster! Sun
O/ Fe] 04 008 039 024 0.13 0.18 0.18 0.23£0.05 8.83
[Na/Fe|yrre 0.07 033 024 024 029 0.08 -0.02 0.183:0.05 6.32
[Mg/Fe] 030 030 022 025 029 022 030 0.27+£0.02 7.5
[Al/Fe] 048 055 035 059 056 044 045 049+0.03 6.43
[Si/Fe] 024 0.13 029 0.12 031 024 032 0244003 7.61
[Ca/Fel* 0.19 0.15 0.08 0.15 0.15 0.17 0.13 0.1520.01 6.39
[Sc/Fe] 035 032 023 034 032 041 029 0.32+0.02 3.12
[Ti/Fe] 0.36 0.3 026 033 031 041 024 0324002 4.94
[V/Fe]* 045 037 023 041 036 045 0.3 0.37+£0.03 4.00
[Cr/Fel* 0.06 -0.01 -0.02 0.08 0.05 004 001 003002 5.63
[Mn/Fe] -0.14 0.04 -0.04 -0.05 -0.11 -0.14 -0.22 -0.094+0.03 5.37
[Fe/H]* -0.54 -049 -044 -047 -0.51 -0.37 -049 -047+0.02 7.50
[Co/Fel* 035 0.36 0.3 042 039 049 033 038+£0.03 4.93
[Ni/Fel* 0.12 0.18 0.13 0.14 0.18 0.25 022 0.17£0.02 6.26
[Cu/Fe] 0.3 032 008 044 033 043 031 032+0.05 4.19
[Zn/Fe] -0.06 -0.03 0.01 -021 -0.14 0.11 0.03 -0.04+0.04 4.61
Y/ Fe] 006 -0.09 -028 -0.16 -0.11 -0.03 -031 -0.15+£0.04 225
[Zr]Fe] 0.14 -008 02 0.03 0.02 -0.06 -0.08 0.02£0.05 256
[Ba/ Fe] 0 -0.06 -0.13 -0.17 -0.03 -0.09 -0.08 -0.08+0.02 2.34
[Ce/Fe] -0.26 -0.27 -0.2 -0.11 -0.21 -0.28 -0.3 -0.23+0.03 1.53
[Nd/Fe] 036 0.16 0.16 021 0.16 0.13 0.16 0.19+0.03 1.59
[Eu/Fe] 055 029 056 999 999 036 038 043+£0.04 0.52

IThe errors are statistical errors obtained from the mean.
*Elements measured by EWs.
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Tabla 3.3: Columns 2-5: Differences in abundance measurements due to the variations of each
atmospheric parameter. Column 6: Estimated total error due to atmospheric errors. Column 7:
Observed dispersion

ID AT,.¢5 = +65k  Alog(g) =+0.09 Av, =40.08 A[Fe/H]=+0.03 S/N 0ot Oops
A(O/Fe]) 0.01 0.03 0.00 0.03 0.02 005 0.12
A([Na/Fe)) 0.02 -0.05 0.05 0.02 0.02 008 0.13
A([Mg/Fe)) 0.03 0.00 0.05 0.01 0.03 007 0.04
A([Al/Fe]) 0.01 -0.02 -0.03 -0.01 0.03 0.05 0.08
A([Si/Fe)) -0.02 0.00 -0.03 0.03 0.02 0.05 0.08
A([Ca/Fe)) 0.08 0.01 0.02 0.01 0.06 0.0 0.03
A([Sc/Fe)) 0.01 0.01 0.01 0.01 0.02 003 0.06
A([Ti/Fé)) 0.10 0.00 0.03 0.00 0.05 012 0.06
A([V/Fe)) 0.1 2001 -0.04 001 0.04 0.2 0.08
A([Cr/Fe]) 0.06 0.00 -0.01 0.00 0.04 0.07 0.04
A([Mn/Fe]) 0.08 -0.02 -0.02 0.00 0.03 0.09 0.08
A([Fe/H)) 0.04 0.01 0.03 0.02 0.02 006 0.05
A([Co/Fe)) 0.04 0.02 0.03 0.02 0.08 0.0 0.06
A([Ni/Fe]) 0.03 0.02 -0.04 0.03 0.07 0.09 0.05
A([Cu/Fe]) -0.02 -0.02 -0.02 -0.02 0.05 006 0.12
A([Zn/Fe]) -0.01 0.03 -0.04 0.04 0.05 0.08 0.11
A([Y/Fe)) -0.04 0.01 -0.05 0.02 0.05 008 0.11
A([Zr/Fe)) 0.03 20.01 -0.09 0.02 0.02 0.10 0.11
A([Ba/Fe)) 0.05 0.00 -0.02 0.04 0.03 007 0.06
A([Ce/Fe]) 0.02 0.01 0.01 0.03 0.05 0.06 0.07
A([Nd/Fe)) 0.02 0.00 -0.01 0.00 0.04 0.05 0.08
A([Eu/Fe]) 0.00 0.02 0.00 0.03 0.03 005 0.08




Chapter 4

Results

This is the first chemical abundance study of NGC 5927 using high resolution spectra that covers a
wide sample of elements (see Table 3.2) which are involved in different nucleosynthetic processes.
The main purpose is to study chemically the evolution of the cluster and investigate possible MPs..
For the discussion, field stars from the Bulge, Halo and Disk are compare with our results. We
are looking for possible features that could suggest a link between the cluster with any of these
structures. Also, we compare our sample set with Bulge GC that have similar metallicities in order
to compare their chemical behaviour with NGC 5927.

In the following sections, we present chemical abundances for iron-peak elements, o elements,

light elements and heavy elements.

4.0.1 Iron-peak elements

The mean iron abundance value that we found is:

[Fe/H] = —0.47 £ 0.02

The spread of iron values are within the errors (see Table 3.3) indicating no intrinsic spread on
iron abundances.

A slightly different iron content of [Fe/H]=-0.39 dex was found by using UVES and GI-
RAFFE data. This difference in iron estimation between us and is probably due to (1) Different
linelists used for the abundance analysis and (2) The lower resolution of GIRAFFE spectra.

We considered Sc, V, Cr, Mn, Co, Ni, Cu, and Zn as iron-peak elements and their values are

listed in Table 3.2. The Figure 4.1 show each iron-peak element compared with field stars from the

16
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Halo and Disk and in some cases with Bulge field stars and Bulge GCs. Some of these elements
(Sc, V, Co, Ni, Cu) show an interesting behaviour which relate the cluster to the Bulge rather than
the Disk. This opens the discussion about the origins of NGC 5927, which is linked kinematically
to the Thick Disk but under the chemical perspective, shows similarities with the Bulge structure
and follows the same behaviour as a Bulge GCs.

No large spreads are observe in the iron-peak elements excepting star #3 in Cu. This star is
considerably under-abundant having a value of [Cu/Fe]=0.08 dex comparable to the sun, far away

from the observe range trend in Cu seen in its companions.
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Figura 4.1: Iron peak abundances for Sc, V, Cr and Mn for stars of NGC 5927 plotted in filled blue
circles. Filled green triangles: Thick Disk stars (Reddy et al., 2006), light blue: bulge field stars
(Johnson et al., 2014). Open triangles are bulge GCs, orange: NGC 6441 (Gratton et al., 2000,
2007) and magenta: NGC 6440 (Muoz et al. submitted)
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Figura 4.2: Iron peak abundances for Co, Ni, Cu and Zn for stars of NGC 5927 plotted in filled
blue circles. Filled green triangles: Thick Disk stars (Reddy et al., 2006), light blue: bulge field
stars (Johnson et al., 2014). Open triangles are bulge GCs, orange: NGC 6441 (Gratton et al.,
2006, 2007) and magenta: NGC 6440 (Muioz et al. submitted)
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4.0.2 « elements

The o enhancement was obtained as the mean of Mg, Si, Ca and Ti. The O abundances are

considered later as part of the Na-O anti-correlation. The mean value found for « elements is:

[a/Fe] = 0.25 £ 0.08

We also found a mean abundance for pure « elements of [C'a + Si/Fe] = 0.19 which is lower
but consistent with the main value.

All the @ elements in GGCs are over-abundant compared to the sun as can be seen in Figure 4.3
and NGC-5927 share this behaviour too as expected. This « element over-abundance is mainly the
product of SNell when massive stars exploded. Type II Supernovae are effective alpha-elements
polluters who enrich the intra-cluster gas( , ; , ).

The difference in o elements enhancement between the Thick Disk and Bulge are still under

discussion and seems to be that both structures share the same a-enhancements.
( ) compared type F and G dwarf field stars from the Disk and Bulge arguing that they are
chemically similar. We did not include data from Bens 1. (2010) for comparison due to the
different type of star used for the study. Our comparison takes into account only giants because
in our sample we have this kind of stars. In addition, s-Arriag ( , Figure 16)
measured Mg for a considerable sample of star from the Disk and Bulge, finding no large difference
between them.

In our field stars comparison sample, the o abundances in Bulge shows enhanced values with
respect to Disk, but at metallicities of [Fe/H]~-0.7 they overlap as shown in Figure 4.4. The same
behaviour is seen in each o element Mg, Si, Ca and Ti in Figure 4.3. We can observe in both
Figures (4.4 and 4.3) that NGC 5927 is located just in the middle of the alpha trend of the Disk and
Bulge. Also the cluster is compared with other Bulge GCs for each « element.

Besides the position in the Milky Way shown in Figure 2.2, NGC 5927 has kinematics con-
sistent with being a member of the Thick Disk of the Galaxy ( , ;

, ) suggesting it as one of the best Thick disk candidate GCs. From the chemical point of

view, NGC 5927 has a-abundances that stand between Bulge and Disk values.
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Figura 4.3: [Mg/Fe], [Si/Fe], [Ca/Fe] and [Ti/Fe] abundances versus [Fe/H] content in NGC-5927,
are plotted in filled blue circles. Filled triangles are different scenarios. Green: Thick Disk stars
(Reddy et al., 2006), Red: GGCs (Carretta et al., 2009b) except in Ti and Soft Pink: Bulge stars
from Gonzalez et al. (2011). Open triangles represent different Bulge GCs, black: NGC-6723
(Rojas-Arriagada et al., 2016), blue: HP1 (Barbuy et al., 2016), yellow: NGC-6342 (Origlia et al.,
2005), orange: (Gratton et al., 2006) and red: Terzan 5 (Origlia et al., 2011)
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Figura 4.4: NGC-5927 is represented in filled blue circles. Filled triangles are different scenar-
ios. Green: Thick Disk stars (Reddy et al., 2006), Red: GGCs (Carretta et al., 2009b) and Soft
Pink: Bulge stars from Gonzalez et al. (2011). Open triangles represent different Bulge GCs, dark
blue: NGC-6723 (Rojas-Arriagada et al., 2016), yellow: NGC-6342 (Origlia et al., 2005), orange:
(Gratton et al., 2006) and red: Terzan 5 (Origlia et al., 2011)
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4.0.3 Light elements

In GCs, light elements shows variations in their abundances. The responsible processes for these
variations are different proton capture chains in star of previous generations. In the CNO cycle, N
is enhanced while C and O are depleted, also in the Ne-Na cycle Ne is depleted and Na enhanced
and for the Mg-Al cycle Mg is depleted and Al enhanced. The observation of these abundance
differences tell us about the MPs phenomenon. In NGC 5927 we observe a spread in O, Na and Al
larger than internal errors indicating a real spread in these elements, and thus confirming that this
cluster contains MPs. However, the observed dispersion in Mg is within the range expected from
errors alone, suggesting no intrinsic variation (See Table 3.3). In the following, we discuss about
the relations between these elements, looking for features in NGC 5927 in order to understand its

MPs.

4.0.3.1 Na-O anticorrelation

In almost every GC an anti-correlation exist between O and Na and it has been well studied in many
of them (e.g. (2009b)). This anti-correlation is one of the most important chemical

signature of MPs since we can differentiate populations along the extension of the anti-correlation

( ( )). In the case of NGC 5927, the first study of the O-Na anti-correlation was
performed by and their results are in good agreement with us. The main difference in the Na
values in with respect to our measurements are due to the fact that we take NLTE correction

on Na into account. The offset in Sodium between the two datasets is ~ 0.2 dex.

The Figure 4.6 shows Na as a function of O and the Na abundances distribution. In our sam-
ple, Na seems to be distributed in two groups suggesting a possible bi-modality distribution. Of
course, our small sample may not be statistical significant and more data are required to verify
this behaviour. The mean [Na/Fe] in Na-rich (#2, #3, #4, #5) and Na-poor (#1, #6, #7)
groups is 0.28 dex and 0.04 dex respectively, both with a standard deviation of 0.04. However this
bi-modality can be observed in (Figure 2) as well.

We also compared our results with GCs stars from ( ) and Bulge GCs with
similar metalicities as shown in Figure 4.5. We confirm the existence of the O-Na anti-correlation

exists, but it is not very extended.
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Figura 4.5: O-Na anti-correlation for NGC-5927 in filled blue squares and filled red triangles rep-
resent 214 red giants from 19 clusters with UVES (Carretta et al., 2009b). Open triangles represent
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2016), orange: NGC 6441 (Gratton et al., 2006, 2007) and magenta NGC 6440 (Muioz et al.
submitted)
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4.0.3.2 Mg-Al anticorrelation

Unlike Na-O, the Mg-Al anti-correlation is only present in some GCs ( , ). In
the case of NGC 5927, no signs of a clear anti-correlation can be distinguish in Figure 4.7 where
our Mg values shows an under abundance compared with the trend of ( ) stars
sample. This offset in Mg is possibly due to the fact that the metallicity of NGC 5927 ([Fe/H]=-0.47
dex) is out of the range of metallicity considered on ( ) sample. Nontheless, this
behaviour is shared with other two Bulge GCs with similar metallicity. The values in Al instead, are
over-abundant compared with field stars from Halo and Disk and enhanced by ~ 0.2 dex compared
to Mg.

The Mg-Al analysis in NGC 5927 performed by (Figure 3) include data from UVES and
GIRRAFE. They also observe no signs of anti-correlation and the abundances in Mg and Al are in

good agreement with us.

4.0.3.3 Na-Al correlation

The correlation between Na and Al in GCs it is probably due to the Ne-Na and Mg-Al chain
activation in previous generations where massive stars enhanced Na and Al respectively. For the
case of NGC 5927 we observe a correlation between Na and Al in Figure 4.8 even when we do not
see a clear anti-correlation in Mg-Al (See Section 4.0.3.2). The correlation is not continuous due
to the Na distribution, grouping it in two groups as is described in Section 4.0.3.1. The presence of
a Na-Al correlation without a Mg-Al anti-correlation has been observed before in other GCs (e.g.
M4 by ( )). We attribute this behaviour in NGC 5927 to a possible activation of
the Mg-Al chain reaction in previous generation but with a slow rate.

The linear fit used for the correlation has an slope of a = +0.39 with an error of £0.11. This
fit was made excluding Star #3 which is the most Al-poor one and shows chemical behaviours
(mostly under-abundances) that do not follow the trends described by their companions. The sig-
nificance of the slope is about 3.5¢0. The anomalies in star #3 as can be seen also in Figure 4.7 for

Mg-Al and Figure 4.1 for iron-peak elements (specially in Cu).
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Figura 4.7: Mg-Al on NGC-5927 in filled blue circles, filled red triangles represent 214 red giants
from 19 clusters with UVES (Carretta et al., 2009b) and filled green triangles are field stars from
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et al., 2006, 2007) and magenta NGC 6440 (Muifioz et al. submitted)
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Figura 4.8: Na-Al correlation for NGC 5927 in filled blue squares and filled red triangles represent
214 red giants from 19 clusters with UVES (Carretta et al.,, 2009b). Open triangles represent
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2016), orange: NGC 6441 (Gratton et al., 2006, 2007) and magenta NGC 6440 (Muioz et al.
submitted). Dashed is the best fit for NGC 5927 excluding Star #3.
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4.0.4 Heavy elements

The neutron capture is the nuclear reaction process responsible for the formation of heavy elements.
Depending on the neutron capture rate, we can separate these process in two types: (1) When the
capture time is longer than the beta-decay, it is called s-process. (2) If the neutron capture is faster
than the beta-decay, we have the r-process.

The elements mainly produced by s-process can be light-s elements such as Y, Zr and heavy-s
elements like Ba and Ce. This process occurs principally in the AGB phase of intermediate mass
stars. On the other hand, the r-process elements are mainly generated during the SNe II explosions.
One of the elements produced mainly by this process is Eu which can be used to determine how
strong is the contribution of the process in the chemical evolution of the cluster. Also, SNell
produces iron-peak elements and c-elements.

In Figure 4.10 we compare Y, Ba and Eu abundances of NGC 5927 with field stars and also
with Bulge GCs. For Y and Ba, abundance values are sub-solar and shows some differences with
respect to the Bulge GCs, with the exception of NGC 6440. We underline the strong similarities
in heavy elements enhancements between NGC 5927 and NGC 6440. These similarities have also
been observed in the « and iron-peak elements (Sections 4.0.2 and 4.0.1 respectively). For Eu
instead, values are over-abundant with respect to the Sun. This indicates a large contribution of
SNell to the proto-cluster cloud.

Since Ba is mainly processed by s-process and Eu mainly by r-process, the [Ba/Eu] ratio is
an indicator of which process contributed more in the chemical evolution of the cluster. In Figure
4.9, we observe that [Ba/Eu] ratio in NGC 5927 is mainly dominated by r-process contributions.
This suggest that the early proto-cluster environment was polluted mainly by SNell. In addition,
is notable the similarity (again) between NGC 5927 and NGC 6440 showing values very similar

indicating that both cluster share similar evolutionary scenarios.
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Figura 4.9: [Be/Eu] ratio as function of [Fe/H]. In filled blue circles, NGC 5927. Filled triangles
are different scenarios. Green: Thick Disk stars (Reddy et al., 2006) and black: Bulge field stars
(Van der Swaelmen et al., 2016). Open red squares: GGCs (Pritzl et al., 2005). Open triangles
represent different Bulge GCs, orange: NGC 6441 (Gratton et al., 2006), blue HP1 (Barbuy et al,,
2016) and magenta NGC 6440 (Muifioz et al. submitted)
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circles. Filled triangles are different scenarios. Green: Thick Disk stars (Reddy et al., 2006), black:
Bulge field stars (Van der Swaelmen et al., 2016). Open red squares are GCs stars Pritzl et al.
(2005) Open triangles represent different Bulge GCs, black: NGC 6723 (Rojas-Arriagada et al.,
2016), blue: HP1 Barbuy et al. (2016), orange: NGC 6440 (Gratton et al., 2006) and magenta NGC
6440 (Muioz et al. submitted)



Chapter 5

Sumary and Conclusions

In this paper we present a detailed chemical abundances analysis of the Globular Cluster NGC
5927. A total of 22 elements in 7 giant stars are consider for the analysis using high resolution
spectroscopy taken by UVES instrument with a moderate S/N (~ 40). We measure 16 elements
by spectrum-synthesis and 7 elements by EW, including an accurate error analysis. The results are
compared with different components of the Milky Way such as Halo, Disk and Bulge field stars

and Bulge GCs. We obtained the following results:

* We found a mean metallicity of [Fe/H]=-0.47 dex with a g5 = 0.02. This value is in good
agreement with the value estimated by Harris (1996, 2010 ed.) ([Fe/H]=-0.49). Also we
rule out an intrinsic spread in the iron content. No significant spread is visible in other iron-
peak elements. For some elements, NGC 5927 seem to follow the Bulge trend rather than
the Disk. Previous literature refers to NGC 5927 as one of the most metal-rich Thick Disk
GCs but its metallicity is comparable with the Bulge field stars and Bulge GCs (ie. NGC
6440). There is a difference of ~ 0.1 dex between our measurements and

( ) ([Fe/H]=-0.39 dex).

* We confirm the existence of an anti-correlation between O and Na but the spread in O is
small. The Na distribution seem to be bi-modal but we caution that our sample size is small.

A large sample is required to confirm this behaviour.

* We observe no clear evidence for Mg-Al anti-correlation in NGC 5927, however we observe
a Na-Al correlation. The spread in Al may indicate a low Mg-Al cycle activity. Also, our
abundances are in good agreement with ( ) in this

topic.
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* About « content, NGC 5927 matches the typical trends of the Galaxy field stars. We found
an alpha enrichment of [a/Fe]=0.25 £0.08. In each o element (Mg, Si,Ca and Ti), the values
for NGC 5927 are not so enhanced as those for Bulge GCs but they still are over-abundant.
These enhancements indicate that the cluster has experienced rapid chemical evolution which
is related to contributions from SNell. We decide not to relate NGC 5927 with the Bulge or
Disk components using alpha abundances, since whether there exists a difference in alpha

abundance between these two components is still under debate.

* A strong contribution of r-process is suggested by analysing [Ba/Eu] ratios pointing out

SNell as principal polluter for the proto-cluster cloud.

* The heavy s-process elements shows no significant spread, which seems to contradict the

theory that AGB stars are polluters for the second generation stars.

* We highlight the similarity of NGC 5927 with NGC 6440 Bulge GC in «, iron-peak and

heavy elements, suggesting similar origins between these two GCs.

» Star #3 shows anomalies abundances with respect to the other stars of the sample. We
attribute this behaviour to some problem with the spectrum of star #3. Also exist a very low
probability, but still possible, that this star may be a field star, even when it passed all the

membership criteria.

* This is the first chemical study that involves a wide range of elements measured with good
accuracy, but due to the small size of the sample, our findings cannot be conclusive. More
data is required in order to have a better understanding the chemical evolution of this very

interesting cluster.

In addition, considering that NGC 5927 (1) is a very old GC with an age between 10.7 Gyr

( ) and 12.25 Gyr ( , ), as old as the Milky Way itself; (2)

its calculated orbit using proper motions ( , ) take place between 4 and 6 kpc; (3)
the iron-peak enhancement in some elements follows the Bulge trend rather than the Disk and;
(4) the chemical similarities with Bulge GCs and specially with NGC 6440, lead us to consider a
formation scenario where the cluster was formed from material between the Bulge and Disk, both
still in formation. The gas in this region of transition left chemical traces in NGC 5927 with its

properties inbetween the Bulge and the Disk observed today.
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