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Chapter 4
Abundances with the FLAMES
multi-fibre instrument

As described in chapter 3, the spectroscopic determination of chemical abundances
in individual stars using atomic absorption lines can be obtained by using stellar

atmosphere models to predict the abundance of an element based on the relative depths
of absorption lines. The most accurate way to determine the iron abundance of a star is
to directly measure the strength of as many iron lines as possible. This is typically done
on a spectrum of high resolution (HR), with a resolving power R ∼ 40 000 (∼ 0.125 Å at
λ = 5000 Å). For precision, it is necessary to have as many lines as possible, therefore a
large wavelength coverage (∼ 2000 Å) is required. These are the optimal conditions for
a detailed abundance analysis of individual stars. In this chapter, I will summarise the
added complexity of making such an analysis with an instrument (FLAMES) that has
only half the resolution (R ∼ 20 000), a smaller wavelength coverage but a high degree
of multiplexing that requires the automation of many tasks usually carried out star by
star. Our FLAMES observations include the three Fornax stars observed by Shetrone
et al. (2003) with UVES. In this chapter and in chapter 6, we will use them as a reference
point for comparison and will refer to them as the (three) Shetrone stars. Presented in
Table 4.1 are the corresponding ID from our work & their work.

Table 4.1: Name and coordinates of the 3 Shetrone stars.
Our ID Shetrone RA(J2000) DEC(J2000)
BL239 Fnx-M25 02 39 47.09 -34 31 49.8
BL266 Fnx-M12 02 40 10.00 -34 29 58.8
BL278 Fnx-M21 02 40 04.38 -34 27 11.3
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Figure 4.1: (top): Comparison of two spectra of the same star (BL239) at different
resolutions. The spectra are normalised to have their continuum flux equal to 1, as
indicated by the horizontal line. The GIRAFFE (thick line) spectrum has a lower reso-
lution compared to UVES (thin line). The dashed line is placed on top of an Fe i line of
medium strength (EW ≈ 100 mÅ.) (bottom): Same as top panel but the UVES spectrum
is convolved to the GIRAFFE resolution.

4.1 UVES vs FLAMES

In this thesis, two HR instruments have been used: UVES (chapter 5) and FLAMES
(chapter 6). UVES is the type of instrument that is classically used to make high res-
olution abundance analysis of individual stars; it has a high resolution over a large
wavelength range. UVES typically looks at one star per exposure, whereas FLAMES
/GIRAFFE∗, allow us to observe 100+ stars per exposure but with a factor two lower
in resolution, as illustrated in Figure 4.1 (top panel) where we show two spectra of the
same star. The GIRAFFE spectrum is from our sample and the UVES spectrum is from
the work of Shetrone et al. (2003), convolved to the GIRAFFE resolution (bottom panel)
for visual comparison.

∗ GIRAFFE is the dedicated intermediate resolution spectrograph on FLAMES
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4.1.1 UVES

The Ultraviolet and Visual Echelle Spectrograph (UVES) has two arms, the blue (UV
to blue) and the red (visual to red). For our observations of individual stars in the
Fornax globular clusters (chapter 5) we used the red arm of UVES, covering wavelengths
between 4800 − 6800 Å. Shetrone et al. (2003) used exactly the same setup for the
three comparison stars. We used a slit of 1-arcsec, giving us a resolving power of about
40 000. The different orders of the echelle spectra are dispersed onto two CCDs. More
information on UVES can be found in Dekker et al. (2000). Nothing more will be said
about UVES in this chapter, (more details are in chapter 5) but it will be used as a point
of reference for the FLAMES analysis, to compare our abundance results to a “classical”
reference.

4.1.2 FLAMES

The Fibre Large Array Multi Element Spectrograph (FLAMES) is a fibre-fed, multi-
object instrument connected to GIRAFFE, a spectrograph which has a medium-high
resolution (R = 7500− 30 000). GIRAFFE is not an acronym, the name comes from the
original design concept, where it was standing vertically on a platform. It can cover the
entire visible range 3700− 9000 Å, but not at the same time. The higher the resolution
the shorter the wavelength coverage. It has two gratings, one low (LR) and one high-
resolution (HR). On a given exposure, only a single order can be observed, referred to as
a setup. In total, there are 24 HR setups and 8 LR setups. Different observing modes are
available, ARGUS, Integral Field Unit (IFU) and MEDUSA. We only used the MEDUSA
mode, which consists of up to 132 individual fibres that can be “placed” on the sky. Each
individual fibre has a footprint (aperture) of 1.2 arcsec on the sky. The resulting spectra
are projected onto a CCD with a spatial scale of 0.3 arcsec/pixel. More information about
FLAMES is available in Pasquini et al. (2002). For our observations of the Fornax field
stars, (chapter 6) we used FLAMES/GIRAFFE in MEDUSA mode with setups HR10,
HR13 and HR14. In Table 4.2 we give an overview of the different setups used, with the
old/new definition for HR14 referring for observations taken before/after October 10th

2003. On that date, HR14 grating was changed for a higher-efficiency version.

Table 4.2: Wavelength coverage and resolution of FLAMES/GIRAFFE in MEDUSA
mode for setups HR10, HR13 and HR14. (Effective coverage may be slightly smaller).

setup λmin(Å) λmax(Å) R
HR10 5339 5619 19800
HR13 6120 6406 22500
HR14 (old) 6383 6626 28800
HR14 (new) 6308 6701 17740
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4.2 The FLAMES Spectra

4.2.1 Extracting, calibrating
We used a pipeline made by the Geneva Observatory, girBLDRS∗ (GIRAFFE Base-Line
Data Reduction Software) to extract and calibrate our spectra, except for the subtraction
of the sky emission lines and continuum, for which we used a software written by Mike
Irwin. A master sky spectrum is made out of the 10-20 sky spectra taken during the ob-
servations, is split into line and continuum components that are scaled and aligned before
being subtracted to the object spectrum (more details in Battaglia et al. in prep). The
spectral information needs to be extracted taking into account that the light does not
necessarily follow a straight line on a CCD row or column and the pixel/wavelength ratio
varies with wavelength. There is more than one spectrum on the CCD, corresponding
either to another star, an “empty sky” or a calibration lamp. There are five fibres tar-
getted on a calibration lamp (Thorium-Argon) for simultaneous wavelength calibration,
which are used for the zero-point correction with respect to the daytime wavelength and
to adjust the transverse PSF used in the “optimal” extraction method. The flat fielding
is done on the extracted spectra (NFF, narrow flat fielding). After the extraction, the
spectra can be rebinned into a constant wavelength increment per pixel.

4.2.2 Combining
Our data consist of multiple exposures of the same stars in three setups, as can be seen
in Table 4.3. To reach the signal to noise required for our analysis, all the spectra of each
star need to be stacked together. Before co-adding, the spectra need to be on the same
rest frame and since our observations were made during two distinct periods, Septem-
ber 2003 and January 2004, the observed radial velocities (Vrad) were different. Our
spectra were corrected for the heliocentric motion before they were co-added. Details
of how we determined the Vrad and the heliocentric correction of our stars are available
in section 4.2.3. Within each observation run, the heliocentric corrections varied very
little, by amounts typically smaller or of the same order as the uncertainty on the derived
radial velocities (∼0.5 km/s), and inducing a completely negligible shift compared to the
typical line width in GIRAFFE (FWHM ∼15 km/s).

The combining of the heliocentric corrected spectra was carried out with the IRAF†

task scombine, using a flux weighted average with median sigma clipping (cosmic ray
removal) for each period, in order to create two master spectra, one for September and
one for January. These two stacked spectra were then combined in a flux weighted
average. For the two HR14 set of spectra with different resolution and coverage, we used
only the common overlapping section, (∼6400-6600 A) convolved the higher resolution
HR14 (old) to the resolution of HR14 (new) and treated them like our other spectra.
Figure 4.2 show the extracted spectra of the three HR setups used in our observations,
HR10, HR13 and HR14. By looking at the top panel of Figure 3.5, we can verify that
the individual Fe i abundance of this star are scattered around the same central value,
meaning that the three continuum levels are compatible.

∗ http://girbldrs.sourceforge.net/
† http://iraf.noao.edu/

http://girbldrs.sourceforge.net/
http://iraf.noao.edu/
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Figure 4.2: Final spectra of star BL239, in each of the three GIRAFFE setups, HR10,
HR13 and HR14. Overplotted on it is the continuum that DAOSPEC used for the EW
measurement.
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Table 4.3: FLAMES Exposure time log
date Exposure time (s)

HR10 HR13 HR14
2003-09-29 0 14400 6225
2003-09-30 3600 0 14102
2003-10-01 10800 0 6900
2004-01-14 3600 0 0
2004-01-15 0 3600 0
2004-01-19 0 7200 0
2004-01-20 0 3600 0
2004-01-21 0 0 7200
2004-01-22 0 0 7503
2004-01-23 3600 0 3600
2004-01-24 3600 0 0
2004-01-26 3600 0 0
Total 8h 8h 12h39m

4.2.3 Determining the radial velocities (Vrad)
In total, we have six independent measurements of the Vrad per star, one per setup (HR10,
HR13 and HR14) and one per period (September and January). Listed in Table 4.4 are
the final Vrad(weighted average of the six values) with their associated error (the standard
deviation of the six). These measurements were made with the girBLDRS routine called
giCrossC.py, which takes a template spectrum (G2-type star in our case) and cross-
correlates it with each observed star. There were no systematic difference from setup to
setup, nor for epoch to epoch. Our mean heliocentric velocity (Vrad) is 55.9 km/s with
a line of sight velocity dispersion σ = 14.2. The typical (median) error we have on a
velocity (see Table 4.4) is ' 0.55 km/s. We can compare our values to the larger sample
of Battaglia et al. (2006), with a mean heliocentric velocity Vrad = 54.1 ± 0.5 and a line
of sight velocity dispersion of σ = 11.4 ± 0.4. Figure 4.3 shows the histogram of the
distribution of Vrad, with the central velocity and the 3σ membership cut-off, in solid
lines (this work) in dashed lines for Battaglia et al. (2006) values. Only one star is a
clear non member (BL109), with a negative Vrad, and three others are just on the edge of
membership. These three stars have been analysed as if they were confirmed members,
since they were on the edge of our membership cut-off. Our subsequent analysis shows
them to be consistent with RGB stars and not foreground dwarf stars.

4.2.4 Measuring the Equivalent Widths
EW s are classically and arguably most reliably measured line by line by hand using
SPLOT in IRAF. This can also be automated with DAOSPEC∗, a software tool that was
optimised to work with GIRAFFE HR spectra. DAOSPEC fits a continuum over an entire
spectrum, subtracts it and then measures the EW s for all the lines. It will also find
the radial velocity of the star by cross-correlating the spectrum with a line list. In both
∗ http://cadcwww.dao.nrc.ca/stetson/daospec/

http://cadcwww.dao.nrc.ca/stetson/daospec/
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Table 4.4: Vrad and associated errors for our Fornax targets. BOLD are possible
foreground stars, since they fall outside the accepted range of Vrad for membership in
Fornax. Struck-out stars have been rejected because their September average velocity was
significantly different (>3 km/s) to their January velocity. This suggests the possibility
that they are binary stars and they were therefore rejected from our analysis at this
point.

Star Vrad Stddev Star Vrad Stddev Star Vrad Stddev
BL038 62.86 0.74 BL147 52.39 0.61 BL221 54.25 0.32
BL045 79.54 0.23 BL148 65.48 0.65 BL227 52.15 0.67
BL052 30.32 1.25 BL149 50.70 0.40 BL228 55.00 0.34
BL061 82.38 1.12 BL150 68.70 1.12 BL229 63.09 0.57
BL065 63.86 0.78 BL151 41.41 0.58 BL231 63.28 1.11
BL069 68.85 2.63 BL153 50.68 0.53 BL233 58.91 0.40
BL070 60.43 2.85 BL155 46.18 0.21 BL239 47.47 0.35
BL076 52.83 0.78 BL156 30.63 0.55 BL242 39.48 0.55
BL077 56.23 1.49 BL158 41.26 0.67 BL247 40.40 0.63
BL079 56.31 0.56 BL160 53.50 0.70 BL249 63.30 0.73
BL081 50.58 0.22 BL163 41.29 0.48 BL250 42.06 0.36
BL084 58.92 0.80 BL165 70.01 0.71 BL251 55.14 0.45
BL085 88.97 1.17 BL166 57.36 0.51 BL253 67.48 0.39
BL091 52.79 0.44 BL168 75.50 0.78 BL254 73.05 0.26
BL092 53.99 0.37 BL171 58.27 1.19 BL257 56.51 0.36
BL094 47.45 0.43 BL173 44.93 1.60 BL258 49.41 0.79
BL096 72.90 0.37 BL180 72.51 0.21 BL260 61.11 0.70
BL097 47.47 0.18 BL181 57.46 1.89 BL261 71.35 1.27
BL100 55.92 0.46 BL183 19.09 0.32 BL262 47.72 0.52
BL104 51.36 0.31 BL185 55.32 0.44 BL266 52.47 1.43
BL107 63.97 0.42 BL189 82.78 0.47 BL267 59.04 0.48
BL109 -15.20 0.42 BL190 57.31 0.24 BL269 45.33 0.30
BL112 53.90 2.36 BL195 39.03 0.46 BL273 63.77 6.18
BL113 59.21 0.31 BL196 79.09 0.25 BL274 41.22 1.65
BL115 70.05 0.30 BL197 46.27 1.02 BL278 52.43 0.56
BL119 56.25 1.95 BL198 45.06 11.29 BL279 67.66 0.73
BL122 65.88 0.75 BL203 56.40 0.92 BL293 56.83 0.99
BL123 73.85 0.71 BL204 59.30 0.81 BL295 42.56 0.37
BL125 58.23 0.77 BL205 59.91 0.27 BL298 62.09 1.43
BL127 46.60 0.67 BL207 48.82 0.42 BL300 69.67 0.41
BL132 40.34 0.48 BL208 54.35 0.53 BL304 71.21 0.26
BL135 45.64 0.57 BL210 51.51 0.32 BL311 50.86 0.23
BL138 56.52 0.33 BL211 50.35 0.20 BL315 53.15 0.85
BL140 46.13 0.69 BL213 71.82 0.45 BL323 52.72 1.15
BL141 76.47 0.35 BL216 66.92 0.26 BL325 18.70 0.80
BL146 50.01 0.61 BL218 63.33 0.46
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Figure 4.3:
Histogram of For-
nax radial velocity
measurements, Vrad.
The central value
± 3σ cut-off are
shown in solid lines
(this work) and
the dashed lines
(Battaglia et al.
2006).

cases, the placement of the continuum is critical because it influences the derived EW s.
In the case of the three GIRAFFE setups, a badly determined local continuum level will
create an offset between the average value for lines of the same element measured in
different setups. Since DAOSPEC is run independently on each of the three setups, the
continuum levels in each setup is independently determined, so continuum placement
problems will show up as a systematic differences in the abundances deduced in different
setups. Figure 4.2 shows where the continuum was placed for one star of our sample.

Figure 4.4, shows a comparison between the equivalent widths measured by SPLOT
and DAOSPEC, on a UVES spectrum and on a GIRAFFE spectrum for the same star.
The stars selected for the comparison are two of the three stars we have in common
with Shetrone et al. (2003). There does not appear to be a correlation of the quality of
the match between SPLOT and DAOSPEC with the signal to noise ratio (SNR), shown in
the bottom corner of each panel. The SNR have been calculated in the same region of
the UVES CCD Lower and Upper (l,u) and on GIRAFFE HR 10, 13 and 14. There is
good agreement between the two methods, the EW s from both the UVES and GIRAFFE
spectra seems to be scattered around the slope = 1 line. It can be seen that especially for
EW . 200 mÅ, there is a good agreement between the two methods, which means that
under these conditions, DAOSPEC can be used instead of SPLOT for EW measurements.
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Figure 4.4: Comparison of the equivalent width measurements (mÅ) for two reference
stars, BL239 (top) and BL278 (bottom) in different cases. The Y-axis is the SPLOT
measurements while the X-axis is DAOSPEC. The left column EW measurements are from
UVES spectra while the right column EW s are from GIRAFFE. We plotted a full line
(with slope = 1) for the perfect correlation, a dashed line with an offset of ±6 mÅ from
this line and dotted lines as 10% error convolved with the 6 mÅ error. Also printed on the
figure are the mean difference between two measurements and the standard deviation.
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4.2.5 Cleaning up the spectra

Telluric absorption lines

Telluric lines are absorption lines caused by molecules (O2, H2O) in our atmosphere. We
cannot predict their strength very well (since our atmosphere is not static) but we know
at which wavelength they occur (same rest frame for every exposure). Since no special
calibration (e.g. fast rotating hot star) was acquired together with our observations, we
could not correct for telluric absorption lines. The only option we have is to flag (our
atomic) lines affected by telluric lines and remove them from our abundance analysis.
This has to be done star by star, because the position of stellar lines changes with Vrad.
This means that lines that are rejected for one star might be used in another star, because
of their different radial velocities. Because our GIRAFFE observations were made at two
different times, (September 2003 and January 2004), twice as many lines per star can be
affected by tellurics and therefore rejected.

Leaks from Calibration Lamps

There was a problem with the calibration lamps in setup HR14 during our January 2004
run. This was not a problem in our September observations, but after this the grating
of FLAMES was upgraded to a higher efficiency. Saturated light from the calibration
lamps leaked on our stellar spectra, as seen in Figure 4.5. This extra light artificially
increased the flux of the adjacent stellar spectra. Only a small fraction of our sample
were affected, and for these stars, all lines in the affected regions were simply removed
from our abundance analysis.

Figure 4.5: Portion of a raw CCD image (HR14, January 2004) displaying the vertical
spectra aligned side by side. The two brightest ones are the saturated calibration lamps
(thorium lines), leaking onto their neighbouring spectra. This portion of spectrum is
about 50Å long, starting close to the Hα absorption line at the bottom of the figure.
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4.3 Selecting our stellar parameters
Once we have accurately measured the radial velocities of our stars and the EW s for all
our absorption lines, the data reduction is finished and we can proceed with the analysis.
In this section, we will summarise how we assign stellar parameters to our results.

4.3.1 Photometric gravity
When setting stellar parameters to an observed star, Fe ii lines can be used to constrain
the gravity of the star, by ensuring that there is ionisation equilibrium between Fe ii and
Fe i. Unfortunately, our Fe ii lines are too uncertain (not enough lines are available and
they have a large scatter) to be used for an accurate ionisation balance determination.
Thus we used equation 3.9 to determine a photometric estimate and use this gravity as
a final value, without adjusting them to balance Fe i and Fe ii. The distance modulus we
used in this equation is 20.65, the mass of our stars was set to 1.2 M� and the extinction
E(B−V ) = 0.03 (Bersier 2000). A standard reddening law (A(V )/E(B−V ) = 3.24) was
adopted, and the bolometric corrections were computed for each star using the calibration
of Alonso et al. (1999b). The gravity does not significantly affect our abundance: lowering
log g by 0.5 dex will lower the Fe i by ≈ 0.1 dex and Fe ii by ≈ 0.3 dex. We thought it
was preferable to use the same log g scale for all stars rather than modifying our sample
using a sometimes poorly determined [Fe ii/H].

4.3.2 Photometric Teff

As explained in section 3.2.1, we are using photometric colours to estimate Teff , using
the calibrations found in Ramírez & Meléndez (2005). Using optical (V , I) data from
our photometric survey and infrared (J , H, K) data that were kindly provided to us
ahead of publication for 60% of our stars (Gullieuszik et al., in prep.), we calculated four
Teff based on four colours, V − I, V − J , V −H and V −K. The equation to calculate
the temperature coefficient θ′eff is the following (taken directly from Ramírez & Meléndez
2005):

θ′eff = a0 + a1X + a2X
2 + a3X[Fe/H] + a4[Fe/H] + a5[Fe/H]2 (4.1)

where X represents the photometric colours, V − I, V − J , V −H, V −K, ai are the
coefficients of the fit. The coefficients of the equations are given in Table 4.A1. This
relates to Teff in the following way:

Teff =
5040
θ′eff

+ P (X, [Fe/H]) (4.2)

the correction polynomial P , which is colour and metallicity dependent, is given as

P = P0 + P1X + P2X
2 + P3X

3 (4.3)

where the coefficients (P0, P1, P2, P3) are given in Table 4.A2. Our three comparison
stars, for which we have UVES spectra, were used to make sure that our temperature
is on the correct scale (abundance is independent of χex). For these three stars, the
spectroscopic Teff were in perfect agreement with the Teff(V − I). There was small offset
for the temperature derived with the IR colours (Teff(V − {J,H,K})). We shifted them
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by a constant to make them agree with the spectroscopic Teff . Doing this is the equiva-
lent of zero-pointing our photometry, to be in agreement with the spectroscopy. This is
represented graphically in Figure 4.6. The gray circles are for those stars for which we
have V , I, J , H and K photometry. The black diamonds are those for which we only
have V and I, where in this case we estimated their corresponding IR colours based on
the linear regression with their V − I colour, as indicated by the solid line. From the
right hand side of Figure 4.6, we see that most estimates of Teff for the same star are the
same with a precision of ± 50 K.

The four Teff(V −X) as a function of (V −X) are shown in Figures 4.7, 4.8, 4.9, and
4.10. In these figures are also plotted (large symbols) the model predicted (V − X) of
stellar atmosphere models at different temperature with different metallicity and gravity.
These four plots clearly illustrate the relation of colour versus temperature. The predicted
colours from the models, at the metallicity and gravity range of our sample sit well on
the observed points, a nice self-consistency check. The models that we use to deduce our
abundances also produce the right colours for our stars. The final Teff we used is the
average of the four Teff , and they are presented in Table 4.A3.
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Figure 4.6: Teff(V − I) as a function of Teff(V −{J,H,K}) and the difference between
the two. The Teff(V − {J,H,K}) have been shifted onto the Teff(V − I) scale.
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Figure 4.7: Teff(V − I) as
a function of colour (V −I).
Also plotted are the pre-
dicted colours from models
of different metallicity and
gravity.

Figure 4.8: Teff(V − J) as
a function of colour (V −J).
Also plotted are the pre-
dicted colours from models
of different metallicity and
gravity.
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Figure 4.9: Teff(V −H) as
a function of colour (V −H).
Also plotted are the pre-
dicted colours from models
of different metallicity and
gravity.

Figure 4.10: Teff(V − K)
as a function of colour
(V − K). Also plotted are
the predicted colours from
models of different metallic-
ity and gravity.
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4.3.3 Iterating on the parameters
Stellar parameters were chosen for our stars in an iterative process. We first took the
photometric parameters, log g and Teff , as explained in sub-sections 4.3.1 and 4.3.2. As
a first guess, we set [Fe i/H] and vt to be -1.0 dex and 2.1 km/s (typical values for our
sample) for all stars. We modified these starting values until we obtained good fit for
each parameter of the model. The vt will be correct when the slope measured in [Fe i/H]
vs EW (slopeW ) becomes zero, as shown in the bottom panel of Figure 3.5. A fast way to
converge to the solution, is to take advantage of the linearity (and symmetry) of slopeW

on vt, (as will be demonstrated later in section 4.3.4, Figure 4.14) The simple correction
based on the measured slope is the following:

vt = vt + slopeW /0.0055 (4.4)

At the same time as we converge on vt, we also adjust the metallicity of the model used
to reflect the average value of all the Fe i lines of the star. We did that for all the stars
and our results are summarised in Figure 4.11. At this point, we still have our photo-
metric first guesses for Teff and log g. This figure shows the quality of our model fitting
to all the stars, where the top panel displays the values of the slope in the [Fe/H] vs
χex plane for each star, and in the [Fe/H] vs EW plane in the bottom panel. In each
panel, there are two plots, where the the X-axis is always the absolute value of the slopes,
the parameter we want to minimise. The top part of each panel is a simple histogram,
while the bottom one is a scatter plot of the (absolute) value of the slope against its
error. This is used to compare the quality of the fit from star to star, easily identifying
outliers. These slopes (definition and relevance) are first introduced in chapter 3 (Fig-
ure 3.5). The two shaded areas represent regions where: slope > σ and slope > 2σ .
We have drawn two (solid) lines for the (empirically determined) maximum acceptable
slope and error in order to still consider a good model fit. The stars outside these limits,
those with large slopes and/or large scatter (σ) were not used in our analysis (chapter 6).

Once we were satisfied with vt and [Fe/H], we iterated on Teff , trying to minimise the
slopeχ. Unlike vt, our Teff estimates are based on reliable photometry. We have seen from
Figure 4.6 that our precision on Teff is of the order of ± 50 K. This limits the amount by
which we want to depart from the photometric value. Figure 4.12 show the difference in
slopeχ when we change the temperature by 100 K (twice our photometric precision) for
the stars with large slopeχ. This allowed us to get some slopeχ closer to zero, therefore
having a stellar model that is a better representation of the observed star. We stopped
iterating at this point and accepted these parameters for our models, rejecting stars with
a slopeχ > 0.06 and associated σ(slopeχ) > 0.05. For the vt, we rejected stars with a
slopeW > 0.00035 and associated σ(slopeW ) > 0.00090.
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Figure 4.11: Status of the slopes in χex (top) and in EW (bottom) after many iterations
on vt and metallicity. The shaded areas correspond to slope > {1 and 2} σ. This is a
graphical way of summarising our attempt to minimise the two slopes. The solid lines
on the scatter plots are the maximum tolerated values in the slope and error.
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Figure 4.12: Status of the slopes in χex (top) and in EW (bottom) after we allowed the
Teff to change from the photometric value by a max of 100 K (our photometric precision).
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4.3.4 Precision and error estimates
DAOSPEC gives an error estimate for each EW it measures, δEW which is used to calculate
the difference in abundance between EW and EW ± δEW . The largest error of the two
is then adopted as our DAOSPEC abundance error, δDAO. The final adopted measurement
error for each element was calculated in the following way. In order to avoid really small
error estimates due to low number statistics, we use the dispersion of Fe i as a lower limit
of the dispersion for an element. For the final error on each of our [X/H] ratio, we have
adopted the maximum of these three values:

δ([X/H]) = MAX

(
δDAO,

σ(Fe I)√
(NX)

,
σ(X)√
(NX)

)
(4.5)

and for the [X/Fe] ratios, we just take the quadratic sum of [X/H] and [Fe/H]. This con-
servative estimate includes all sources of errors due to the measurement. There is also
the uncertainty caused by our choice of stellar parameters, which is linked to the method,
not the measurements and for this reason, is not included in our error bars but presented
separately in Table 4.5. The dependencies on model atmosphere parameters is different
for each element and each ionisation state. In the case of Fe, the only element used to
constrain our stellar parameters, it is also used for weights when trying to determine the
slopes (Figure 3.5).

To determine the precision of our abundance results, we took one star (BL239) and
modified the model parameters many steps away from our adopted fit to check how this
affected the derived Fe abundances. This illustrates the precision of the stellar param-
eters, and by how much they can change and still be consistent. In Figure 4.13, we
plotted the slopeχ as a function of the change in Teff (by steps of ± 100 K), along with
the corresponding change in [Fe i/H] (label above the points). It is clear from this figure
that the change (in abundance) is not symmetrical, as cooling the star by 100 K, 200 K
and 300 K does not significantly change [Fe i/H] while warming it up by steps of 100 K
increases the abundance by at least 0.05 dex at each step. The values below the points
corresponds to the the slope/σ, which is an indication of how far we are from a good
parameter fit. The linear regression and the estimation of its error was made using the
routine described in Fasano & Vio (1988).

From looking at Figure 4.13 and at the slopeχ numeric values, it could be argued that
Teff + 100 K would be a better choice than our adopted value (4123 K). Indeed, warming
up all of our Teff by 100 K could make all our slopes closer to zero but the resultant Teff

would not be in agreement with our photometry and the spectroscopically determined
Teff from the 3 Shetrone stars. This effect is probably caused by the combination of our
resolution and/or choice of lines and it means that the precision of our spectroscopic Teff

is not as good as our photometric one. An other way to check our Teff scale is to look at
the two curves of growth (CoG) of Figure 4.15. The top plot is for the model at Teff =
4123 K and the bottom plot for a model at 4523 K. Although not immediately obvious,
the hotter model has the tendency to separate the lines of different χex, with squares (�,
low χex) being artificially higher (perpendicular to the curve of growth) than the pluses
(+, high χex), compared to the cold CoG. A representative curve of growth should not
show such separation between different χex.
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Figure 4.13: Change
of Teff for star BL239,
where ∆Teff = 0 corre-
sponds to Teff = 4123 K
and each step is 100 K.
On the Y-axis is the
slope in abundance of
Fe i vs χex, where slope
= 0 is a good model
fit for this parameter.
On top of each point is
the resultant Fe i abun-
dance (differential) de-
rived with these mod-
ified stellar parameters,
and on the bottom is the
slope/σ value, which is
an indication of how far
we are from a good pa-
rameter fit.

Figure 4.14: Change of
vt for star BL239, where
∆vt = 0 corresponds to
vt = 2.1 km/s, and each
step is 0.1 km/s. On
the Y-axis is the slope
in abundance of Fe i vs
EW , where slope = 0 is
a good model fit for this
parameter. On top of
each point is the resul-
tant Fe i abundance (dif-
ferential) derived with
these modified stellar pa-
rameters, and on the
bottom is the slope/σ
value, which is an indi-
cation of how far we are
from a good parameter
fit.
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Figure 4.15: Two curves of growth (CoG) for the same star, BL239. The upper exam-
ple has the optimum stellar parameters while the lower example had its Teff increased
by +400 K, showing the different placement of the lines according to their χex on the
curve. On the hotter CoG, lines with squares (�, low χex) are artificially slightly higher
(perpendicular to the curve of growth) than the pluses (+, high χex), compared to the
cold CoG. This is an indication that the hotter CoG is not a perfect match for the data.
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Table 4.5: Errors due to stellar parameters uncertainties.
Element ∆ Teff = +200 K ∆ log g = -0.5 dex ∆ vt = +0.2 km/s Combined
[Ba ii/H] -0.03 0.15 0.26 0.30
[Ca i/H] -0.23 0.04 0.07 0.24
[Cr i/H] -0.32 0.11 0.09 0.35
[Eu ii/H] 0.03 0.22 0.04 0.22
[Fe i/H] -0.04 0.12 0.08 0.15
[Fe ii/H] 0.32 0.28 0.04 0.43
[La ii/H] -0.05 0.23 0.04 0.23
[Mg i/H] -0.06 0.00 0.06 0.08
[Na i/H] -0.18 0.01 0.01 0.18
[Nd ii/H] 0.00 0.20 0.02 0.20
[Ni i/H] -0.03 0.14 0.05 0.15
[Si i/H] 0.14 0.12 0.02 0.19
[Ti i/H] -0.33 0.08 0.04 0.34
[Ti ii/H] 0.10 0.21 0.04 0.24
[Y ii/H] 0.06 0.19 0.02 0.20

We made the same plot for vt, illustrated in Figure 4.14. Unlike Teff , the changes in
vt are symmetrical, making it easy to find the right vt to represent our star. ∆vt = 0
corresponds to vt = 2.1 km/s and from this plot, looking only at the value of the slopes,
vt = 2.2 would also be acceptable. Both of them have slopeW � σ(slopeW ), showing the
limit of our precision, which should be of the order of 0.2 km/s.

4.4 Systematics and corrections
In this section we discuss the systematic effects due to the method of analysis and the
effect of hyperfine structure on the Eu line at 6645.1 .

4.4.1 Systematics
To measure systematics caused by different technical choices, we have used five different
methods and compared them over a range of elements. We are interested in measuring
the effect of changing the stellar models, the line list, the resolution and the way of
measuring the EW s. We analysed the 3 Shetrone stars in five different ways, always
re-determining the stellar parameters to obtain a good fit:

• The original 2003 abundance analysis, using UVES spectra, the Shetrone line list,
splot to measure the EW s and extrapolated (in log g and Teff), plane-parallel
models (Gustafsson et al. 1975).

• Same as above but using spherical MARCS 2005 models instead of the plane-parallel
models of Gustafsson et al. (1975).
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Figure 4.16: Abundance differences between the 3 Shetrone stars, using different meth-
ods of analysis on the UVES spectra, (open symbols) compared to the GIRAFFE analysis
(filled dots). We plotted the original 2003 results (inverted triangles) our re-analysis with
the 2005 models, keeping the old line list + splot (triangles), new line list + splot (dia-
monds) and new line list + daospec (circle).
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Figure 4.17: Curve of
growth for BL239 (Fnx-
M25), showing a lack of
weak lines, leading to an
inaccurate abundance.

• Same as above but using our new line list, better suited for the more metal rich stars
in Fornax, restricting the analysis to the same wavelength coverage as FLAMES
HR 10, 13 and 14.

• Same as above but measuring the EW s automatically with DAOSPEC instead of
manually with splot.

• Same as above but instead of using the same UVES spectra like the four previous
cases, we used our new, independent GIRAFFE spectra, effectively reducing the
resolution by a factor two (from R ' 40 000 to R ' 20 000).

We compare the abundance determined in each these cases for 14 different elements
or ionisation states in Figure 4.16. The most striking feature in this plot is the huge
difference between different analysis (0.4 dex) in [Fe/H] for star BL239, the one with the
[Fe/H] varying from -0.9 to -1.3. The reason why the GIRAFFE analysis differs so much
from the original UVES analysis (Shetrone et al. 2003) is due to the fact that they lack
weak lines, as can be seen in Figure 4.17, where the lack of lines on the left part of the
CoG is evident and can lead to bias stellar parameters and therefore abundances. In this
particular case, the lack of weak lines drove the microturbulence to lower values, biassing
the metallicity towards lower values. The other two stars do not show a similar problem
because the most metal-poor star had enough weak lines, and Shetrone et al. themselves
added extra weak lines to the analysis of the metal-rich one.

Old models versus new models

There are several differences between the old (Gustafsson et al. 1975) and new (Gustafs-
son et al. 2003) family of models. The two most important are the different geometry
used (plane-parallel versus spherical) and the physics involved determining the opacities.
Abundances calculated with these two methods are similar, most of the time within the
error bars. Heiter & Eriksson (2006) studied extensively the effect of using different
geometry in determining the abundance. We cannot directly compare to their result be-
cause as we summarise in our section 3.3.2 they compare both p2005_p and s2005_p to
the fully consistent s2005_s while we are trying to compare plane-parallel and spherical
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models with different physics, both of them treated in the plane-parallel approximation
for the line formation code (p1975_p to s2005_p). According to their conclusion, if the
“ideal” case is the fully consistent case s_s, using mixed geometry (s_p) is preferable
(closer to s_s) than the full p_p case. Therefore, the effect of geometry alone is mea-
surable and is partially responsible for the difference in abundance between the triangles
and inverted triangles symbols of Figure 4.16.

Choice of Lines to include in the analysis

To compare the effects of different line lists (see section 3.4), compare the triangles and
the diamonds in Figure 4.16. This is usually the biggest difference between two methods,
showing the importance of having a common line list for comparing abundance results.
Generally, there is a difference of 0.3 dex for [Fe i/H] in BL239 and a smaller difference
(0.15 dex) for the other two stars. But as long as there are enough lines in a given line
list, the derived abundance is usually reliable. Only when the number of lines goes down
there can be a problem with the abundance, where an outlier can really affect the derived
value. But this has to be checked star by star, as it can be metallicity and/or signal to
noise dependent.

DAOSPEC vs SPLOT for measuring EW s

The method used to measure the EW s also affects the abundance results but only by a
small amount, in most cases well within the error estimate. This can be seen by looking
at the circles and the diamonds in the Figure 4.16. This check reinforces our confidence
using the automatic DAOSPEC measurements allowing us to go from hand-measurement
to a much faster automated processing.

UVES vs GIRAFFE, the effect of resolution and wavelength coverage

Comparing UVES and GIRAFFE results shows that even with a loss of a factor two in
resolution, it is possible to determine accurate abundances. By comparing the empty
circles to the solid dots in Figure 4.16, it is clear that the results are identical, within
the errors.

4.4.2 Hyperfine splitting correction
The hyperfine structure is a small perturbation in the energy levels of an atoms due to
the interaction of the nuclear magnetic dipole with the magnetic field of the electron.
The electron moving around the nucleus has a magnetic dipole moment, because it is
charged. Its interaction with the magnetic moment of the nucleus (due to its spin) leads
to hyperfine splitting of the energy level. This phenomenon is energy level dependent,
therefore different for each line. We can correct for hyperfine splitting with spectral syn-
thesis, as presented for the Eu abundance in chapter 5 and illustrated in Figure 5.4. For
our FLAMES data, we only corrected for the HFS in our Eu line at λ = 6645.1 Å. Here
is a summary of the method we used.

A line that has hyperfine structure consist of many small lines close to each other
instead a line arising from a single energy level. These lines can be used to create a
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Figure 4.18: HFS
correction (dex)
for the Eu line at
6645.1Å, tested on a
plane-parallel model
of Teff = 4300, log g
= 0.6, [Fe/H] = -1.5
and vt = 1.7.

synthetic spectrum, where all these split lines will be superposed together. All the stel-
lar parameters are known except the abundance of Eu, which we can modify until it
represents the observed spectra. Ignoring HFS tends to overestimate the abundance so
correcting for HFS will typically lower the “direct EW” measured abundance.

Making synthetic spectra and taking into account the HFS information to find the
abundance of a line is a good method but it is too time consuming for large sample
of stars or for elements with many lines. To measure the Eu abundance in the many
GIRAFFE stars, we rather designed an HFS correction to be applied to the abundance
deduced from the EW treated as a single line. We found out that this correction, in our
stellar parameter and abundances range, depends dominantly on the strength (EW ) of
the line, and very little on other parameters. The validity of this correction was tested
in the following ranges:

• -2.0 < [Fe/H] < -1.0

• 1.7 < vt < 2.5

• 0.3 < log g < 1.2

• 4000 < Teff < 4800

The HFS correction becomes EW -dependent only and is applied after the the abun-
dance has been derived from the non-corrected line. In Figure 4.18 we present the
correction∗ for the Eu line at λ = 6645.1 Å.

Appendix 4.A Large tables

∗ Thanks to Kim Venn for calculating the correction in this range of parameters
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Table 4.A1: Coefficients of the giant star colour calibration
Colour a0 a1 a2 a3 a4 a5

(V − I) 0.3575 +0.9069 -0.2025 +0.0395 -0.0551 -0.0061
(V − J) 0.2943 +0.5604 -0.0677 +0.0179 -0.0532 -0.0088
(V −H) 0.4354 +0.3405 -0.0263 -0.0012 -0.0049 -0.0027
(V −K) 0.4405 +0.3272 -0.0252 -0.0016 -0.0053 -0.0040

Table 4.A2: Metallicity dependence of the Polynomial correction.
Colour P0 P1 P2 P3 Validity
(V − I) +0.42933 ... ... ... −0.5 ≤ [Fe/H] ≤ 0.5
(V − J) -122.595 +76.4847 ... ... ′′

(V −H) -377.022 +334.733 -69.8093 ... ′′

(V −K) -72.6664 +36.5361 ... ... ′′

(V − I) -0.14180 ... ... ... −1.5 ≤ [Fe/H] ≤ −0.5
(V − J) -10.3848 ... ... ... ′′

(V −H) +71.7949 -55.5383 +9.61821 ... ′′

(V −K) +86.0358 -65.4928 +10.8901 ... ′′

(V − I) +9.31011 ... ... ... −2.5 ≤ [Fe/H] ≤ −1.5
(V − J) +4.18695 +13.8937 ... ... ′′

(V −H) -27.4190 +20.7082 ... ... ′′

(V −K) -6.96153 +14.3298 ... ... ′′

(V − I) -23.0514 ... ... ... −4.0 ≤ [Fe/H] ≤ −2.5
(V − J) -67.7716 +28.9202 ... ... ′′

(V −H) -46.2946 +20.1061 ... ... ′′

(V −K) -943.925 +1497.64 -795.867 +138.965 ′′

Table 4.A3: Coordinates and photometric temperatures in different colours, shifted on the
Teff(V − I) scale. Teff is the average of the four different TV −X .

Star RA (J2000) DEC (J2000) TV −I TV −J TV −H TV −K Teff log g BCV MBol

BL038 02 40 20.45 -34 24 00.1 3984 3976 3996 3964 3980 0.69 -0.93 -3.32
BL045 02 40 07.52 -34 23 31.8 4114 4134 4128 4110 4122 0.85 -0.77 -3.07
BL052 02 40 10.42 -34 25 17.6 4009 3999 3995 3984 3997 0.72 -0.91 -3.27
BL061 02 39 28.59 -34 18 38.0 4316 4341 4335 4333 4331 0.84 -0.60 -3.30
BL065 02 39 22.15 -34 19 40.3 4315 4340 4334 4332 4330 0.97 -0.59 -2.99
BL069 02 39 29.56 -34 25 10.6 4143 3999 4033 3994 4042 0.72 -0.86 -3.29
BL070 02 39 40.46 -34 19 38.8 3939 3928 3931 3935 3933 0.68 -1.00 -3.29
BL076 02 39 31.49 -34 23 05.1 4088 4061 4063 4048 4065 0.83 -0.83 -3.05
BL077 02 39 51.42 -34 21 20.9 4027 4024 4025 4028 4026 0.80 -0.88 -3.08
BL079 02 39 19.60 -34 24 49.3 3986 3903 3922 3934 3936 0.76 -1.01 -3.08
BL081 02 39 56.01 -34 24 10.5 4102 4045 4060 4042 4062 0.82 -0.84 -3.07
BL084 02 38 42.96 -34 25 49.1 3972 3964 3966 3970 3968 0.72 -0.95 -3.23
BL085 02 38 55.53 -34 25 36.3 4277 4299 4294 4293 4291 0.87 -0.63 -3.19

Continued on next page



74 chapter 4: Abundances with the FLAMES multi-fibre instrument

Star RA (J2000) DEC (J2000) TV −I TV −J TV −H TV −K Teff log g BCV MBol

BL091 02 39 04.31 -34 25 18.8 4155 4165 4163 4164 4162 0.86 -0.73 -3.09
BL092 02 38 49.28 -34 24 04.9 3965 3956 3959 3963 3961 0.74 -0.96 -3.16
BL093 02 38 39.87 -34 25 57.1 4068 4070 4070 4072 4070 0.90 -0.82 -2.87
BL094 02 38 53.89 -34 25 06.7 3990 3984 3985 3989 3987 0.72 -0.92 -3.24
BL096 02 39 14.33 -34 22 41.5 4012 4008 4009 4013 4010 0.75 -0.90 -3.19
BL097 02 39 04.07 -34 23 52.7 4058 4059 4059 4062 4060 0.82 -0.84 -3.06
BL100 02 38 56.00 -34 24 44.8 4043 4042 4043 4046 4044 0.84 -0.86 -3.01
BL104 02 39 14.59 -34 23 21.0 4014 4011 4012 4015 4013 0.77 -0.89 -3.15
BL107 02 38 54.37 -34 31 23.5 4366 4396 4389 4387 4384 0.83 -0.56 -3.37
BL109 02 39 04.08 -34 37 58.7 4334 4360 4354 4352 4350 0.93 -0.58 -3.09
BL112 02 38 45.68 -34 34 47.5 4096 4100 4099 4101 4099 0.76 -0.79 -3.27
BL113 02 39 08.16 -34 36 53.3 4179 4191 4188 4189 4187 0.83 -0.72 -3.19
BL115 02 38 43.45 -34 32 05.3 4112 4117 4116 4118 4116 0.79 -0.77 -3.22
BL119 02 38 42.17 -34 29 50.8 3964 3956 3959 3963 3960 0.73 -0.96 -3.19
BL122 02 39 02.91 -34 31 12.0 4051 4051 4052 4054 4052 0.76 -0.84 -3.22
BL123 02 38 53.75 -34 30 06.6 3995 3990 3991 3995 3993 0.71 -0.92 -3.27
BL125 02 39 08.50 -34 30 55.4 4078 4080 4080 4082 4080 0.79 -0.82 -3.17
BL127 02 39 04.00 -34 37 26.1 3963 3955 3957 3961 3959 0.71 -0.96 -3.25
BL132 02 38 53.62 -34 33 04.5 3916 3903 3906 3911 3909 0.65 -1.04 -3.33
BL135 02 39 01.55 -34 36 48.7 4057 4058 4058 4061 4058 0.83 -0.84 -3.06
BL138 02 39 16.20 -34 37 00.2 3989 3906 3924 3937 3939 0.71 -0.99 -3.21
BL140 02 39 11.56 -34 30 44.7 3995 3989 3991 3994 3992 0.75 -0.92 -3.17
BL141 02 39 10.99 -34 28 34.4 4076 4078 4078 4080 4078 0.84 -0.82 -3.04
BL146 02 38 41.76 -34 28 58.4 4074 4076 4076 4078 4076 0.84 -0.82 -3.04
BL147 02 38 44.02 -34 30 51.8 4186 4199 4196 4197 4194 0.94 -0.70 -2.92
BL148 02 39 11.05 -34 39 08.6 3929 3917 3920 3925 3923 0.72 -1.03 -3.16
BL149 02 38 57.19 -34 35 39.8 4097 4101 4100 4102 4100 0.88 -0.80 -2.97
BL150 02 39 13.94 -34 28 36.1 4026 4023 4024 4027 4025 0.80 -0.88 -3.08
BL151 02 39 00.29 -34 30 30.0 4025 4022 4023 4026 4024 0.81 -0.88 -3.06
BL153 02 39 08.35 -34 32 44.8 4035 4033 4034 4037 4035 0.82 -0.86 -3.04
BL155 02 38 40.44 -34 35 25.0 4059 4060 4060 4063 4060 0.90 -0.84 -2.87
BL156 02 39 05.62 -34 26 30.6 4096 4100 4099 4101 4099 0.89 -0.79 -2.95
BL157 02 39 02.44 -34 27 35.4 4073 4075 4075 4077 4075 0.88 -0.82 -2.93
BL158 02 39 06.84 -34 35 45.7 4076 4079 4078 4081 4078 0.87 -0.82 -2.96
BL160 02 39 01.74 -34 27 19.2 4027 4025 4026 4029 4027 0.84 -0.88 -3.00
BL163 02 38 43.54 -34 32 25.4 4025 4022 4023 4026 4024 0.88 -0.88 -2.89
BL165 02 39 13.37 -34 40 15.8 3967 3959 3961 3965 3963 0.77 -0.95 -3.08
BL166 02 39 16.01 -34 30 12.9 4070 4091 4074 4108 4086 0.84 -0.81 -3.06
BL168 02 39 14.78 -34 27 29.8 4014 4011 4012 4015 4013 0.83 -0.89 -3.00
BL171 02 39 15.48 -34 30 46.5 4047 4047 4047 4050 4048 0.87 -0.85 -2.94
BL173 02 39 14.36 -34 34 42.3 3991 3985 3987 3990 3988 0.85 -0.93 -2.92
BL180 02 39 33.38 -34 33 58.4 4115 4102 4107 4134 4114 0.77 -0.78 -3.25
BL181 02 39 16.76 -34 34 49.9 4016 3962 3969 3969 3979 0.80 -0.93 -3.04
BL183 02 39 47.94 -34 26 43.4 4073 4199 4223 4230 4181 0.83 -0.72 -3.16
BL185 02 39 27.67 -34 37 48.5 4026 3980 3999 3988 3998 0.69 -0.92 -3.32
BL189 02 39 38.24 -34 31 20.3 4167 4222 4272 4274 4234 0.91 -0.67 -3.03
BL190 02 39 17.80 -34 30 56.8 4004 3954 3967 3990 3979 0.82 -0.94 -2.99
BL195 02 39 20.21 -34 31 57.0 4153 4153 4147 4191 4161 0.91 -0.73 -2.95
BL196 02 39 34.07 -34 33 33.2 4011 4010 4010 4029 4015 0.76 -0.89 -3.17
BL197 02 39 29.33 -34 26 35.5 3958 3953 3963 3948 3956 0.68 -0.97 -3.30

Continued on next page
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Star RA (J2000) DEC (J2000) TV −I TV −J TV −H TV −K Teff log g BCV MBol

BL198 02 39 19.83 -34 26 27.1 4077 3988 4000 3992 4014 0.78 -0.89 -3.11
BL203 02 39 50.64 -34 26 47.0 4043 4035 4046 4025 4037 0.79 -0.87 -3.13
BL204 02 39 16.23 -34 32 29.9 4076 4184 4161 4134 4139 0.97 -0.75 -2.78
BL205 02 39 38.06 -34 37 06.2 4229 4237 4263 4244 4243 0.96 -0.67 -2.92
BL207 02 39 26.29 -34 29 03.4 3988 3979 3977 3992 3984 0.74 -0.93 -3.19
BL208 02 39 32.94 -34 32 06.2 4140 4166 4161 4170 4159 0.89 -0.74 -3.00
BL210 02 39 47.65 -34 27 05.4 4057 4064 4072 4057 4062 0.81 -0.84 -3.10
BL211 02 39 51.18 -34 29 58.6 3940 3961 3964 3966 3958 0.69 -0.97 -3.28
BL213 02 39 50.18 -34 35 59.3 4039 4045 4017 4025 4032 0.78 -0.87 -3.14
BL216 02 39 41.92 -34 30 35.9 3970 4008 3995 4019 3998 0.75 -0.92 -3.18
BL218 02 39 50.77 -34 28 36.5 3920 3943 3941 3953 3939 0.67 -1.00 -3.31
BL221 02 39 31.85 -34 29 19.9 4051 4051 4057 4064 4056 0.81 -0.84 -3.08
BL227 02 39 45.25 -34 31 57.8 4020 4064 4043 4055 4046 0.84 -0.85 -3.01
BL228 02 39 53.84 -34 29 56.4 3975 3998 3990 4007 3992 0.71 -0.92 -3.28
BL229 02 39 24.80 -34 34 38.1 4022 4008 4012 4013 4014 0.80 -0.90 -3.07
BL231 02 39 18.96 -34 26 43.9 4087 4033 4040 4052 4053 0.86 -0.84 -2.96
BL233 02 39 53.58 -34 37 50.1 4064 4028 4039 4063 4048 0.83 -0.86 -3.03
BL239 02 39 47.09 -34 31 49.8 4083 4145 4127 4137 4123 0.89 -0.77 -2.96
BL242 02 39 28.03 -34 34 01.2 4064 4058 4057 4074 4063 0.85 -0.83 -3.00
BL247 02 39 43.07 -34 40 18.4 4050 4031 4018 4027 4032 0.85 -0.87 -2.98
BL249 02 39 54.24 -34 35 11.2 4032 4034 4009 4019 4024 0.82 -0.88 -3.03
BL250 02 39 45.03 -34 40 11.1 3866 3829 3849 3833 3844 0.65 -1.16 -3.27
BL251 02 39 30.81 -34 35 45.1 3998 3970 3977 3985 3982 0.81 -0.93 -3.00
BL253 02 39 34.08 -34 33 09.6 3989 3995 4006 4022 4003 0.82 -0.91 -3.02
BL254 02 39 41.78 -34 34 16.4 4025 4013 3990 4017 4011 0.83 -0.89 -3.01
BL257 02 39 57.30 -34 31 20.8 3981 3984 3994 4015 3994 0.78 -0.93 -3.10
BL258 02 39 49.68 -34 28 50.4 4008 4045 4026 4039 4030 0.85 -0.88 -2.96
BL260 02 39 55.38 -34 29 54.6 3985 4026 4016 4010 4009 0.79 -0.90 -3.09
BL261 02 39 57.80 -34 26 48.8 4028 4053 4066 4039 4046 0.82 -0.86 -3.06
BL262 02 39 38.42 -34 26 10.3 4054 4021 4027 4018 4030 0.84 -0.88 -2.98
BL266 02 40 10.00 -34 29 58.8 4157 4241 4225 4223 4212 0.83 -0.68 -3.20
BL267 02 40 17.50 -34 26 06.1 4197 4210 4211 4186 4201 0.80 -0.70 -3.27
BL269 02 39 58.20 -34 32 05.3 3965 3992 4008 3997 3990 0.75 -0.92 -3.18
BL273 02 40 09.37 -34 36 17.1 4123 4158 4124 4149 4138 0.81 -0.76 -3.18
BL274 02 40 06.14 -34 28 52.0 4011 4041 4032 4019 4026 0.72 -0.87 -3.29
BL278 02 40 04.38 -34 27 11.3 3964 3967 3977 3980 3972 0.64 -0.95 -3.43
BL279 02 40 02.70 -34 38 29.9 4228 4298 4274 4286 4272 0.95 -0.64 -2.97
BL293 02 40 01.77 -34 27 47.9 4030 4031 4024 4026 4028 0.72 -0.87 -3.29
BL295 02 40 26.72 -34 26 56.8 3994 3976 3975 3975 3980 0.70 -0.94 -3.28
BL298 02 40 13.49 -34 30 02.0 4118 4145 4129 4125 4129 0.85 -0.76 -3.07
BL300 02 40 17.90 -34 27 00.7 3989 3991 4001 3977 3990 0.71 -0.92 -3.27
BL304 02 40 05.49 -34 32 42.7 3959 3936 3941 3965 3950 0.70 -0.97 -3.26
BL311 02 40 22.64 -34 31 31.0 4032 4022 4022 4032 4027 0.79 -0.88 -3.12
BL315 02 40 24.22 -34 26 20.0 4173 4135 4115 4133 4139 0.86 -0.76 -3.06
BL323 02 40 16.76 -34 29 34.4 3897 3859 3881 3887 3881 0.66 -1.08 -3.28
BL325 02 40 27.00 -34 26 44.1 4082 4064 4036 4050 4058 0.81 -0.84 -3.09






