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Abstract

We present the first systematic analysis comparing the ages, reddening, and radial velocities of star clusters using
two widely used tools: STARLIGHT and Analyzer of Spectra for Age Determination (A.S.A.D). Both tools utilize
the full integrated spectrum fitting technique but they use different approaches in calculating the parameters. We
find that there is a good agreement between the parameters derived by the two tools and confirm that both tools
provide consistent results with the literature parameters obtained from resolved photometry. We note that for
optimal age and reddening estimates, observed integrated spectra should have signal-to-noise ratio (S/N) > 10
when using A.S.A.D and the combination of the single stellar populations should be added linearly (not using
logarithmic values) when using STARLIGHT. We also show that the deviation of the radial velocity estimates
between the two tools depends on the S/N of the observed integrated spectrum and demonstrate that when
varying the metallicity, the age estimates of STARLIGHT are not affected significantly, while the results of A.S.A.
D are generally underestimated. As more observational data become available through modern instruments, the
strengths and limitations of each available automated tool need to be taken in consideration when interpreting
their results.

Unified Astronomy Thesaurus concepts: Star clusters (1567); Spectroscopy (1558); Magellanic Clouds (990)

CrossMark

Spectrograph Integrated Spectroscopy: Systematic Comparison of Available Tools

1. Introduction

Star clusters stand as a pivotal yardstick in modern
astrophysics. They are excellent targets to determine stellar
ages and metallicities providing rich information on the
star formation and chemical histories of their host galaxies
(e.g., L. Greggio & A. Renzini 2011; A. Adamo et al. 2020;
S. C. Berek et al. 2023). Ages, metallicities, radial velocities,
and reddening of star clusters can be obtained using the
integrated spectrum fitting technique both in the Local Group
and in more distant galaxies (e.g., T. H. Puzia et al. 2005,
2006; R. P. Schiavon et al. 2005; J. F. C. Santos et al. 2006;
T. Palma et al. 2008; R. Cid Fernandes & R. M. Gonzalez
Delgado 2010; J. E. Colucci et al. 2012, 2017; R. S. Asa’d
et al. 2013; J. Claria et al. 2017; 1. V. Chilingarian &
R. Asa’d 2018; A. V. Ahumada et al. 2019; N. Bastian et al.
2019; T. C. Moura et al. 2019; C. M. Sakari et al. 2021;
F. Simondi-Romero et al. 2022). Several automated tools have
been developed to apply this powerful technique in the optical
range and they are widely used in the literature. STARLIGHT
(R. Cid Fernandes et al. 2005), NBursts (I. Chilingarian et al.
2007), EZ,s (G. J. Graves & R. P. Schiavon 2008), FISA
(A. Benitez-Llambay et al. 2012), and Analyzer of Spectra for Age
Determination (A.S.A.D; R. S. Asa’d 2014) are some examples.

The precision of some of these tools has been examined in
detail. G. Gongalves et al. (2020) analyzed the precision of the
parameters obtained using STARLIGHT for different wavelength
ranges within the optical regime. R. Asa’d & P. Goudfrooij
(2020) investigated the precision of the ages and metallicities of
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21,000 mock simple stellar populations in the optical range using
AS.AD. The influence of the stellar cluster mass on the
precision of the age determination was studied in P. Goudfrooij &
R. S. Asa’d (2021) from the blue optical through the mid-infrared
and the precision of deriving possible age spreads within a star
cluster using 118,800 mock star clusters has been discussed in
R. Asa’d et al. (2021). R. Asa’d et al. (2022) presented the first
systematic analysis comparing the age, metallicity, and reddening
of star clusters from resolved versus unresolved data using the
same sets of isochrones. However, despite the steps taken to
investigate the precision of each tool separately, there has not
been a systematic comparison between the parameters obtained
from the different tools using the same observations and the same
models. The aim of this work is to fill this gap by performing a
systematic comparison between ages, reddening and radial
velocities obtained from STARLIGHT and A.S.A.D using a new
sample of 12 star clusters in Large Magellanic Clouds (LMCs)
observed with the Gemini Multi-Object Spectrograph at Gemini
South (GMOS-S). This is much needed because the ages
obtained from the full spectrum fitting technique using different
tools often differ, although all use the x* minimization method.
This is due to the details of the approach of each tool (as
explained in 4). This can lead to different ages for a star cluster
using the same observed integrated spectrum and the same
model. Investigating how significant this difference helps to
highlight the strengths and limitations of each tool.

In Section 2 we provide details about our new observations
and the data reduction process. In Section 3 we present the
models used and in Section 4 we highlight the methods applied
by STARLIGHT and A.S.A.D to provide the ages, reddening,
and radial velocities. The results are discussed in Section 5 and
the summary of our work is given in Section 6.
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Table 1
Exposure Time, S/N, Radial Velocity, Reddening, and Difference Values from Both Codes for Each Star Cluster
Cluster Exposure® S/N® Radial Velocity EB-V)
(kms™h) (mag)
STARLIGHT AS.AD AV, STARLIGHT AS.AD AEB - V)

NGC 1711 82 % 10s 31 321.979%5 339.099 17.03 0.02 + 0.00 0.02 + 0.09([ 0.00
NGC 1718 44 % 35 35 212.83+5%2° 170.04]33 42.83 0.30 + 0.01 0.22 + 0.03 0.08
NGC 1801 32 x 355 26 194.35734 176.077% 18.35 0.030 £ 0.004 0.0050:03 0.03
NGC 1806 58 x 10's 11 335.57H13099 237.07113 98.57 0.2910:03 0.509%3 0.21
NGC 1818 30 x 23's 26 208.843L16 1910171 17.84 0.0500 + 0.0002 024 + 0.12 0.19
NGC 1849 14 x 1345 36 241147133 192.07%¢ 49.14 0.14075:99¢ 0.07 + 0.06 0.07
NGC 1866 22 % 36's 40 260.43713%%° 257.0799 3.43 0.120%5:997 0.06 £+ 0.05 0.06
NGC 1916 22 x 7s 31 228.013357! 177.07%% 51.01 0.01 £ 0.0 0.16 £ 0.11 0.15
SL 505 30 x 1165 22 138.31538 114.071%¢ 2431 0.46 + 0.02 036 £+ 0.04 0.10
NGC 2100 22 % 365 30 188.237%¢] 177.078 11.23 0.170 + 0.003 0.347089 0.17
NGC 2136 34 x 305 20 297.50133%34 338.0709 40.50 0.00599! 0.00 £+ 0.10 0.00
NGC 2137 34 % 30s 16 270.051999 333.0109 62.95 0.00 + 0.00 0.00 £ 0.09 0.00

Notes. Errors are also indicated for each parameter.

 Total observation time is indicated as the number of slit positions and the corresponding exposure time in seconds.

bg /N was measured in the (4500-4700) A spectral range in the final spectra.

2. Observation and Data Reduction

We selected a sample of LMC star clusters that span a broad
age range from log(age yr ') ~ 7.2 to 10.0. The observations
were carried out using Gemini facilities in semesters 2019A
(GS-2019A-Q-402; PI: Andrea Ahumada), 2019B (GS-2019B-
Q-401; PI: Andrea Ahumada), and 2021B (GS-2021B-Q-401; PI:
Andrea Ahumada). The data were obtained using GMOS-S in
longslit mode (slit length of 5.5) with the B600 (6001{nm_1)
grating in the wavelength range from 3500 A to 6700 A. The
grating was centered at 5100 A and 5200 A to cover the CCD
chip gaps. The slit width of 2” provided a spectral resolution of
~10 A and we selected a slit position angle that allowed us to use
a suitable guide star for each observation. Appendix A Table
provides the number of slit positions per target, along with the
scanned width, slit position angle, parallactic angle, airmass, and
the corresponding atmospheric differential refraction (ADR)
values (estimated from Table 1 in A. V. Filippenko 1982). The
final column reports the ADR-to-Scan width percentage—defined
as the ADR offset relative to the scanned width—ranging from
0.9% to 3.8%, assuming a worst-case scenario where the slit is
oriented 90° from the parallactic angle. We note that although
ADR can alter the continuum shape when the slit is not aligned
with the parallactic angle (A. V. Filippenko 1982), this effect is
negligible in our case. Since all our observations have smaller
angular offsets, the actual ADR impact is even lower. Moreover,
any potential light loss would occur only at the edges of the
scanned field, where stellar densities—and thus flux contributions
—are significantly lower. The cluster cores, which dominate the
integrated signal, are fully sampled by overlapping slit positions.
Therefore, ADR has negligible effect on the final integrated
spectra and does not significantly impact the shape of the
continuum.

The exposure times, which depend on both the size and the
brightness of the star cluster, and the signal-to-noise ratio
(S/N) as measured in the final spectra are listed in Table 1.
The total integration time of the observation was split into
different exposures by making telescope offsets perpendicular
to the slit in order for the central part of the star cluster to be
fully scanned.

The data was reduced using PyRAF, which is a Python’
wrapper for IRAF,® and the Gemini IRAF package. We also
used our own script-driven pipeline on Python, following standard
procedures. For each science spectrum, we obtained an arc and flat
taken with each exposure and created a master bias and a master
flat-field. We performed a bias subtraction from the science
spectra and flats, then the science spectra were flat-field
normalized. After that, we created our own bad pixel mask by
visually inspecting each science image using the DS9 viewer. The
wavelength calibration was determined from Cu-Ar lamp taken
either before or after the science exposures. Cosmic rays were
identified and removed following the method of P. G. van
Dokkum (2001) with a detection limit of 4.0, a fractional detection
limit for neighboring pixels of 0.35, a contrast limit of 1.5, and a
maximum of five iterations. The spectra were then traced,
background subtracted, and extracted. The standard star spectra
were reduced in the same way, and it was used to trace the
sensitivity function which was then applied to the cluster spectra.

The extraction of the region of interest for each cluster from
the 2D image was conducted interactively using the Gemini
IRAF tasks gsextract. The Figure from Appendix A shows the
region included in the integrated spectrum of each cluster.
Finally, we combined the spectra of the same star cluster using
scombine. No specific weights were used in the combination
because the exposure times of each observation were equal.

3. Models

We used G. Bruzual & S. Charlot (2003; hereafter BC03)
models adopting Padova isochrones (P. Marigo et al. 2008)
and G. Chabrier (2003) IMF for a grid of 23 simple
stellar populations (SSPs) of different ages ranging from
log(ageyr ') = 6 to 10.1 (1 and 13,000 Myr) and a fixed
metallicity of [Fe/H] = —0.37 (Z=0.008) representing the

5 https: //www.python.org/

 IRAF is distributed by the National Optical Astronomical Observatories,
which are operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation.


https://www.python.org/

THE ASTRONOMICAL JOURNAL, 170:92 (17pp), 2025 August

LMC metallicity (S. Choudhury et al. 2016). We used the same
grid with both STARLIGHT and A.S.A.D. We chose a fixed
metallicity value for our analysis in order to minimize the
parameter space for a more precise comparison between the
results obtained from the two tools. We applied reddening
correction using galactic extinction law from J. A. Cardelli
et al. (1989; with R, = 3.1), and normalized the observations
and models at 4020 A. We used the wavelength range from
3800 A to 5000 A, which has shown to give more accurate
results in both STARLIGHT (G. Gongalves et al. 2020) and A.S.
A.D (R. Asa’d & P. Goudfrooij 2020).

4. Method

Both STARLIGHT and A.S.A.D analyze the integrated
spectrum of a star cluster to estimate the age, reddening,
and radial velocity; however, the two tools use different
approaches. In this section, we provide details about the
approach used by each tool.

4.1. STARLIGHT

STARLIGHT spectral synthesis (R. Cid Fernandes et al.
2005)” is a Fortran 77 program that fits the observed spectrum
0O, with a model M, which adds up N, SSPs from a predefined
set of base spectra according to the equation:

Ny
My, = M,, [z ijj,)\r)\] * G (Vs 0%) (1

J=1

where M),  is the model flux at the normalized wavelength, N,
is the number of SSPs used, x(j = 1, .., N,) are the
contribution percentages of each SSP, b;, = Li(\)/L(\o)
is the spectrum of the jth SSP normalized at Ay,
ry = 107044 =40 and G(vy, o0,) is a Gaussian distribution
centered at velocity v, and with a o, dispersion.

STARLIGHT provides the results of the best-fitting SSP
mixture that matches the observed integrated spectrum along
with the final synthetic spectrum, which represents the
combined contributions of the different SSP population
mixtures. The code also outputs the A, value—used to
compute E(B — V)—and information on the radial velocity.
These are built-in components that can not be isolated or
excluded when performing the fitting. Although most stellar
clusters are expected to follow a single SSP, multicomponent
fits often arise due to contamination, limited resolution and
many other causes (B. Dias et al. 2010) and R. Cid Fernandes
& R. M. Gonzélez Delgado (2010) shows the analysis of the
SSP contributions can help assess the reliability of single-SSP
solutions. We therefore adopted the weighted average age of
those SSPs contributing more than 5% to the mixture. It is
worth stressing that STARLIGHT does not provide uncertain-
ties, which were calculated as described in Section 5.1.

4.2. ASAD

A.S.AD. is an interactive user-friendly Python 2.7 program
that can predict the age, reddening and radial velocity of star
clusters from their observed integrated spectra by comparing
the observations to synthesis model spectra according to the

7 Version 04, available from http://www.starlight.ufsc.br.
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equation:

2 R [(@—M»z] @

X =

A i Ox

where O, is the observed flux and M, is the model flux in
R. S. Asa’d (2014). Note that the model flux here corresponds
to the single SSP from the base model, in contrast to the
multicomponent mixture used in STARLIGHT.

A.S.A.D. allows the user to choose whether to include
reddening and radial velocity in the analysis-an option we
enabled in our work. The code constructs the unreddened and
normalized sgectrum for each available SSP model, and then
performs a x~ minimization. The final parameters correspond
to the selected SSP model that best matches the observations.
The tool outputs the results for all clusters simultaneously
and allows users to assess the fit quality through surface
plots and residual spectra for each model-observation
combination.

5. Results and Discussion

According to R. Cid Fernandes et al. (2005), R. Cid
Fernandes & R. M. Gonzilez Delgado (2010), the weighted
average of the different SSP contributions is obtained by
selecting and applying Equation (3) to calculate the age.

[x; * log(z;(yr))]
Zj: 1N

where x;(%) represents the percent contribution of the SSP
with age ;.

Figure 1 shows the SSP mixture obtained with STARLIGHT
as well as the weighted average log(age), (log(t,,(yr))), and the
log of weighted average age, (log(#,, (yr))), for each cluster in
our sample. The dominant SSP (90.6%) for NGC 1711 has
logageyr ") = 7.4 (25 Myr) and the second SSP of
log(ageyr ') = 8.21 has a contribution of only 9.4% to the
best-fitting synthetic spectrum. The weighted average age for
this cluster is log(#,, (yr)) = 7.48. A similar behavior is seen for
NGC 1801 and NGC 2100 where two SSPs contribute to the
age estimation of the cluster. NGC 1806 has a weighted average
age of log(t,,(yr)) = 9.51 with contribution from three SSPs.
Figure 1 shows that there is a 80.8% contribution of
log(ageyr ') = 9.63 in addition to 13.9% of log(ageyr ') =
8.96 and 5.3% of log(ageyr ') = 9.16. Similar behavior is
noticed for NGC 1818, NCG 1849, and NGC 1866. For
NGC 1718, STARLIGHT combines six SSPs with the highest
contribution of 43.4% for log(ageyr ') = 8.71 (512 Myr) and
lowest contribution of 5.3% for log(ageyr ') = 10 (10 Gyr).
There are two more clusters in our sample that show the same
behavior of including more than three SSPs for ultimate age
estimation: NGC 1916 with four SSPs and SL 505 with seven
SSPs. With the exception of NGC 2136, most star clusters show
one predominant SSP. See the Appendix B table for the details of
SSPs contributions.

We developed a Python code that can apply Equation (3);
however, the figure in Section Appendix C reveals that
NGC 1718 and SL 505 for which STARLIGHT uses 6 and 7
combinations of SSP, respectively, are outliers as their age
estimates are greater than 1o from the unity line. When using
the same equation with log(z, (yr)) instead of log(t,, (yr)), the
correlation improves significantly. We show the results

j=1

Tog(t,,(yn)) = S
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Figure 1. SSP contributions for each star cluster from the STARLIGHT results. From upper left to bottom right: NGC 1711, NGC 1718, NGC 1801, NGC 1806,
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Figure 2. Correlation between A.S.A.D and STARLIGHT age values obtained
in this work (top), literature and A.S.A.D (middle) and STARLIGHT (bottom).
Errors bars are also indicated. The blue line is the o shift and the orange line
is the +3¢ shift.

obtained when using log(t,,(yr)) in Figure 2. These results are
also shown in Table 2 where column (2) is the weighted
average of log(age yr~') and column (3) presents the logarithm

Tapia-Reina et al.

Synthetic spectrum

3.0 W
2.5 Observed spectrum

x
=)
=
°
= 20 WMWWW
N
© 15
£
S
S 10
A.S.A.D model
0.5
00 fvmvﬁvVﬂNnvaWWWMWUNﬁMMMvavwmemﬂﬁ~“*Ywmwv
3800 4000 4200 4400 4600 4800 5000

AlA]

Figure 3. The observed and reddening-corrected (with E(B — V) = 0.22)
spectra of NGC 1718, in black and pink, respectively, along with the best
matching models. A.S.A.D model, with one SSP, in green, and STARLIGHT
synthetic spectrum as combination of 6 SSPs, in blue.

of the average age (yr). In this work, we adopt the ages
obtained with log(z,, (yr)).

Figures Appendix D show the observed integrated spectrum
and the best matching model. The results of A.S.A.D are
shown on the left side and the results of STARLIGHT are
shown on the right side. We define A as the mean value of
R, = |0\ — M,| where the fluxes are normalized and
unreddened, with A values a measure for the quality of fits.
The values are presented in Table 2 and in each residual plot.
In general, the residuals of the observed spectrum and the best
matching models chosen by each of the two tools are less than
5% in STARLIGHT and 11% in A.S.A.D with the exception of
NGC 1806 which is the cluster with the value highest A due to
its low-S/N ratio (the lowest in our sample). The fitting with
STARLIGHT is better because it is based on a combination of
different percentage contributions of SSPs. We also note that
the spectra with A.S.A.D program are narrower than those
from STARLIGHT because according to Equation (1), STAR-
LIGHT fitting applies a default Gaussian convolution to match
the spectra. This convolution also plays a role in minimizing
the continua mismatch seen in the fits obtained with A.S.A.D.
Additionally, although age and reddening are not physically
related, they both affect the continuum shape. In the case of
NGC 2100, we note that the two tools estimate different
reddening values to count for the continuum of the spectrum.
The observed and reddening-corrected (with E(B — V) = 0.22)
spectra of NGC 1718, in black and pink, respectively, along
with the best matching models are shown in Figure 3.

‘We compare the ages obtained with STARLIGHT versus the ones
obtained with A.S.A.D in Figure 2. The top panel of the figure
shows that the age estimates by STARLIGHT match those obtained
with A.S.A.D within 1o except for NGC 1818 and NGC 2100,
which are the youngest clusters according to the literature color—
magnitude diagram (CMD) ages (less than log(age yr ') = 8). The
middle and bottom panels of the figure show that the age
predictions of A.S.A.D are closer to the literature values than those
obtained from STARLIGHT. The A.S.A.D ages of 11 clusters are
within 1o from the identity line and for STARLIGHT estimations
there are 9 clusters within 1. We note that based on the literature
ages, NGC 1916 is the oldest cluster in our sample, however the
ages estimated by both codes (A.S.A.D and STARLIGHT) are
underestimated. As shown in the HST-based CMD in
K. A. G. Olsen et al. (1998), NGC 1916 is an ancient globular
cluster with a blue horizontal branch comparable to that of M92,
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Figure 4. Surface plots of age reddening for each star cluster. From top left to bottom right: NGC 1711, NGC 1718, NGC 1801, NGC 1806, NGC 1818, and

NGC 1849.
Table 2
Determined Ages from STARLIGHT and A.S.A.D Codes
STARLIGHT AS.AD Literature
Cluster log(t,,(yr)) M log(t,,(yr)) @ A [%] log(age yr’l)(*) A[%] log(age yr") References
NGC 1711 7.487089 7.58+0%7 1.7 8.00 + 0.04 25 8.00 £+ 1.11 Z.Li & X. Liu (2023)
NGC 1718 8.287003 9.46150¢ 42 10.11 + 0.24 5.2 93 + 0.1 A. P. Milone et al. (2023)
NGC 1801 7.861098 8.0550%3 3.6 8.60 + 0.17 6.9 87 + 02 A. P. Milone et al. (2023)
NGC 1806 9.51501% 9.56+0:92 11.6 9.95 + 042 24.9 93 + 0.1 A. P. Milone et al. (2023)
NGC 1818 7.28409 8.877001 1.7 7.40 £ 0.10 2.7 75 +£ 03 A. P. Milone et al. (2023)
NGC 1849 8.197004 8.26+0:92 2.1 8.90 + 0.09 7.8 83 + 0.2 K. Glatt et al. (2010)
NGC 1866 7.63590¢ 8.891 0% 2.8 8.20 + 0.04 3.7 8.6 + 0.3 A. P. Milone et al. (2023)
NGC 1916 7.5640:39 8.647001 2.7 8.20 + 0.05 43 10.1 £+ 0.2 K. A. G. Olsen et al. (1998)
SL 505 791559 9.57+5:93 3.8 10.1 + 0.30 4.6 93 £ 0.1 A. E. Piatti & N. Bastian (2016)
NGC 2100 6917591 8.90+0:0%4 1.8 7.20 £ 0.09 3.2 73 + 0.1 F. Niederhofer et al. (2015)
NGC 2136 741013 8.1570:08 3.3 8.00 + 0.08 3.6 8.1 £ 0.1 F. Niederhofer et al. (2015)
NGC 2137 7.23+0:42 7.835007 2.9 7.70 £ 0.28 6.7 8.1 +£ 03 K. Glatt et al. (2010)

Note. (1) Logarithm of average log(ages) calculated from Equation (3), (2) Logarithm of average ages calculated using #,(yr) instead of log(#;(yr)) in Equation (3).
The precision in the ages derived with STARLIGHT and A.S.A.D were estimated applying R. Asa’d & P. Goudfrooij (2020) method.
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Figure 5. Surface plots of age reddening for each star cluster. From top left to bottom right: NGC 1866, NGC 1916, SL 505, NGC 2100, NGC 2136, and NGC 2137.

indicative of low metallicity. The cluster is located near to the
LMC bar, being immersed in a high-field stellar density. Due to
the limited spectral resolution of our sample, the age estimation did
not match the literature age. R. Asad et al. (2025) showed that this
is a limitation of existing models used in the full spectrum fitting
technique, as they all underestimate the ages when of old metal-
poor clusters. R. S. Asa’d et al. (2017) examined different potential
scenarios that could improve the quality of the fit and provided
recommendations to improve the theoretical models.

The surface plots of the results obtained with A.S.A.D are
shown in Figures 4 and 5. The lowest x2 (Equation (2)) values
are shown in dark red while the dark blue regions have the
highest x*. The white star indicates the location of the
minimum x~ value obtained by the fitting. This figure reflects
the precision of the results. The relatively small dark-red
region indicates a precise result; however, NGC 1718,
NGC 1849, NGC 1866, NGC 1916, and NGC 2100 show a
clear degeneracy of age and reddening.

This figure also reveals the case of NGC 1806, the cluster
with the lowest S/N in our sample. R. Asa’d & P. Goudfrooij
(2020) showed that the age prediction is strongly affected by
the S/N, and that the uncertainties associated with a S/N = 10
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for clusters of an age around log (age yr ') = 9.3 (which is the
literature age of this cluster) are large (£0.43 dex). The results
obtained by each tool are listed in Table 2. The age of the
cluster obtained using STARLIGHT, A.S.A.D and from the
literature are listed in columns (3), (5), (7), respectively.
We aimed to be as uniform as possible when compiling the
literature ages. We focused, whenever possible, on recent
studies that derive ages from deep HST photometry. The
references are listed in column (8). For better visualization, we
present them in Figure 6. We analyzed the CMD of each
cluster in our sample. According to B. Dirsch et al. (2000), the
field of NGC 1711 is rather crowded, A. P. Milone et al.
(2023) found very young stars in the fields of NGC 1801 and
from a visual inspection of NGC 1849 we detect it as it is the
most compact cluster in our sample with less field star
contamination. Despite the different levels of background field
contamination for these clusters, their age determination is in
good agreement with the CMD ages.

5.1. Error Analysis

The error estimates for A.S.A.D ages were obtained using the
tables in R. Asa’d & P. Goudfrooij (2020). For consistency, we
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Figure 6. Comparison between A.S.A.D and STARLIGHT age values obtained in this work with literature refereed in Table 2. Errors bars are also indicated.

developed a pipeline to provide the uncertainties associated with
the age estimates of STARLIGHT following the same method of
R. Asa’d & P. Goudfrooij (2020). We created 23,000 mock
clusters based on BCO3 models by adding random noise
(10 < S/N < 100, in steps of 10) for each SSP and performing
100 realizations of each random noise. We estimated the ages of
the mock sample using STARLIGHT and determined the error
from the statistical parameters employing the SPYCTRAL®
library. The errors associated to STARLIGHT ages were
determined using the corresponding error from the closest
upper and lower ages, respectively. Similar approach is used to
obtain the uncertainty in reddening and radial velocity
estimates as mentioned in Sections 5.2 and 5.3, respectively.

5.2. Reddening

Although age and reddening are not physically related, they
both affect the continuum of the optical spectrum, hence we
applied galactic J. A. Cardelli et al. (1989) extinction law with
both STARLIGHT and A.S.A.D. There is a technical difference
between the two tools related to reddening estimation: A.S.A.
D allows the user to choose a range for the applied reddening
(E(B — V)), while STARLIGHT does not. We used the range E
(B — V) = 0.0-0.5 in steps of 0.1 with A.S.A.D. We did not
apply reddening values greater than 0.5 because they are
beyond the expected range for the LMC. (D. Zaritsky et al.
2004; A. V. Ahumada et al. 2019; M. Gorski et al. 2020;
B. Q. Chen et al. 2022; G. Bhuyan et al. 2024). The results

8 SPYCTRAL: astronomical spectral data analyzer is a python package that

allows to determine fundamental parameters of compact stellar systems from
the analysis of their spectral synthesis and/or templates fitting. Available in:
https://github.com/candelac/Spyctral.

obtained by each tool are listed in Table 1. Note that the
current versions of the programs do not provide uncertainty
estimates. Error determination was carried out with 140,760
mock clusters spectra by adding the 51 reddening values
described above. The mock sample was based on BCO03
models and using a noise range of 10 < S/N < 40, (in steps of
10) for each SSP and performing 30 realizations of each
random noise value. As well as in age errors, we estimated the
STARLIGHT errors applying SPYCTRAL tools. The same mock
sample was used to obtain the uncertainty in reddening for
both codes. STARLIGHT predicted E(B — V') within this range
for our sample except for two clusters, SL 505 and NGC 1718.
Those also correspond to the clusters that STARLIGHT
combined more than 5 SSPs to predict the parameters. On
the other hand it is expected that A.S.A.D does not provide an
accurate fit for NGC 1806, because it has S/N = 11 and hence
a bad reddening prediction (see R. Asa’d & P. Goudfrooij
2020 for detailed discussion on the technique’s precision as a
function of S/N). For NGC 1866 STARLIGHT predicts a value
of 0.12 while A.S.A.D predicts 0.06. For the other eight
clusters in our sample the difference between STARLIGHT and
A.S.A.D predictions is less than 0.15 with 6 of them having a
difference of 0.08 or less.

5.3. Radial Velocity

The radial velocity values obtained from each tool are listed
in columns (4) and (5) of Table 1. Neither tool provides the
uncertainties in radial velocity estimates. The difference
between the two values are presented in column (6). In
general, the difference is in the range of ~20-50km s!
except for the clusters with S/N less than 20 where the
difference is larger. For the cluster with the highest S/N the
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Figure 7. Correlation between A.S.A.D and STARLIGHT age values obtained using a range of metallicities and the fixed Z = 0.008. The bottom panel presents A.S.
A.D new values vs. literature ones. Errors bars are also indicated. The blue line is the +o shift and the orange line is the +30 shift.

difference is negligible. For this parameter error determination,
we created 19,320 mock spectra, where each of them
corresponds to seven different radial velocity values from
100 to 400kms™" (in step of 50kms™~ ') and as well as in
reddening values we used 10 < S/N < 40, (in steps of 10) for
each SSP and performing 30 realizations. Both tools give
consistent results with the LMC expected values. R. P. van der
Marel (2006) determined the observed line-of-sight velocity
for LMC to be 2622 + 3.4kms™'. N. Kallivayalil et al.
(2013) estimated a value of 321 + 24kms ' based on three
epochs of HST data and A. E. Piatti et al. (2019) reported a
radial velocity of 215kms™'. More recently, P. Lah et al.
(2024) obtained a value of 270kms™' by measuring the
optical emission lines in multiple locations across the LMC
using the Australian National University 2.3 m telescope and
the Wide-Field Spectrograph. Our radial velocity measure-
ments show that SL 505 has the lowest value. To the best of
our knowledge, there are not other studies that estimated the
radial velocity of this cluster.

5.4. The Effect of Varying Metallicity

In the previous sections we focused on comparing age
estimates between STARLIGHT and A.S.A.D so we excluded
any parameters that can contribute to the fitting results. Unlike
reddening and radial velocities that are built-in parts of STAR-
LIGHT functionality, metallicity can be kept fixed. In this
subsection, we analyze the effect of using a range of metallicities
instead of a fixed value by repeating the analysis using a grid of
three metallicities: Z = 0.008, Z = 0.004, and Z = 0.02. Figure 7
shows that the age estimates of STARLIGHT are not affected
significantly when changing the metallicity, however the results
of AS.AD are generally underestimated when metallicity is
changing as shown on the middle panel. R. Asa’d & P. Goudfr-
00ij (2020) showed that indeed, metallicity measurements with
AS.AD are not as robust as age estimates. When comparing
these new results obtained using A.S.A.D with the literature
values, the lower panel of the figure shows that the ages estimates
are within 1o for all clusters (when including uncertainties)
except NGC 1916 and NGC 2137.
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6. Summary

Using a newly observed sample spectra of LMC star clusters
by GMOS-S and BC03 models, we performed for the very first
time a systematic comparison between two of the most
commonly used tools for getting ages of star clusters from
their integrated spectra, STARLIGHT and A.S.A.D. Our results
can be summarized in the following points.

(A) The careful analysis of the star clusters for which
STARLIGHT uses six and seven SSPs reveals that combining
t;(yr) instead of log(z;(yr)) to obtain the weighted average age
of the cluster provides results that are more consistent with
those from the literature.

(B) There is a good agreement between the ages obtained
with STARLIGHT and A.S.A.D. Our clusters are within 1o from
the identity line except for NGC 1818 and NGC 2100, which
are the youngest clusters according to literature CMD ages.

(C) Overall, the reddening predictions of STARLIGHT and A.
S.A.D match well, except for the cases where A.S.A.D fail due
to low S/N or when STARLIGHT predicts values outside the
expected range for the LMC, which are the clusters in which
more than five SSPs were mixed by STARLIGHT to predict the
parameters.

(D) Both tools provide radial velocity estimates consistent with
the expected literature value of the LMC. The difference between
the results obtained by the two tools depend on the S/N of the
observed spectrum. For the cluster with the highest S/N in our
sample the difference is negligible, for the other objects the
difference is in the range of ~20-50km s~ except for the clusters
with S/N less than 20, where the difference is larger.

(E) When varying the metallicity, the age estimates of
STARLIGHT are not affected significantly, while the results of
A.S.A.D are generally underestimated.
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Appendix A
The Star Clusters Sample

Figure 8 presents DSS images for the star clusters sample
with 6.5 x 6.5 sizes. The observed regions are indicated with
all slit positions in yellow. Table 3 presents the significance of
the atmospheric differential refraction in integrated spectra of
each stellar cluster in the sample.
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NGC1711 NGC1718 NGC1806

NGC2136 NGC2137

Figure 8. DSS images for the star clusters sample (6.5 x 6.5). From upper left to bottom right: NGC 1711, NGC 1718, NGC 1801, NGC 1806, NGC 1818,
NGC 1849, NGC 1866, NGC 1916, SL 505, NGC 2100, and NGC 2136 and NGC 2137. The observed regions are indicated in yellow, showing all slit positions
(width = 20 length = 5.5). North, east (black), and the zenith (red) direction are indicated in each panel.

Table 3
Significance of the Atmospheric Differential Refraction in Integrated Spectra of Stellar Clusters

Cluster N?* Offset Positions Scanned Region Width® PA® Parallactic Angle Average Airmass ADR? ADR-to-Scan Width®

@] © ©) Q] (%)
NGC 1711 41 82 290 345.63 1.49 0.71 0.87
NGC 1718 22 44 166 280.82 1.41 0.62 1.41
NGC 1801 16 32 90 304.61 1.40 0.62 1.94
NGC 1806 29 58 144 129.11 1.36 0.58 1.00
NGC 1818 15 30 90 56.50 1.42 0.62 2.07
NGC 1849 7 14 270 33.33 1.28 0.53 3.79
NGC 1866 11 22 138 41.81 1.31 0.53 241
NGC 1916 11 22 0 293.51 1.49 0.71 3.23
SL 505 15 30 90 71.59 1.66 0.84 2.80
NGC 2100 11 22 90 32.36 1.34 0.58 2.64
NGC 2136 17 34 60 283.78 1.59 0.80 2.35
NGC 2137 17 34 60 283.78 1.59 0.80 2.35
Notes.

4 Number of offset positions observed per cluster.

® Width of the total scanned region calculated as N x slit width (2”).

¢ Position Angle of the slit.

d Atmospheric Differential Refraction from A. V. Filippenko (1982).

¢ Maximum percentage of the scanned region width affected by ADR for the extreme case of a slit orientation perpendicular to the parallactic angle.
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Appendix B
Spectral Synthesis Results from STARLIGHT in Table 4. Figure 1 shows all those relations between each
The SSPs contributions obtained from the spectral synthesis SSP contribution with the weighted average of log(ages) for all
performed with STARLIGHT for each star cluster are presented the sample.
Table 4
SSPs Contributions from STARLIGHT with Fixed Z Value
Cluster Weighted Average Log SSP Age SSP Contribution
(ageyr) (%)
NGC 1711 7.48%0:9 7.40 90.6
8.21 9.4
8.71 434
6.00 20.8
NGC 1718 8.2870:03 9.88 11.6
10.11 9.7
6.50 9.2
10.00 5.3
NGC 1801 7.8670:0¢ 8.21 67.3
7.16 32.7
9.63 80.8
NGC 1806 9.5150143 8.96 13.9
9.16 53
7.16 84.5
NGC 1818 7.28+09 6.7 9.8
10.11 5.6
8.21 72.6
NGC 1849 8.19 + 0.04 8.46 22.6
6.7 4.8
7.16 64.8
NGC 1866 7.6379%¢ 8.21 29.6
10.11 5.6
6.82 63.6
8.96 24.5
NGC 1916 7.567349 8.01 7.1
9.63 4.8
6.0 40.3
10.11 17.2
8.46 14.1
SL 505 791509 10 11.3
8.71 7
9.8 5.1
6.5 5
NGC 2100 691 + 0.01 6.7 94
10.11 6
8.46 44.1
NGC 2136 741 + 0.12 6.0 39.7
8.01 16.2
6.5 55.2
NGC 2137 7.23+0:42 8.01 33.7
8.46 11.1
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Appendix C

Ages Correlations Obtained from A.S.A.D and STARLIGHT

Ages comparisons obtained with STARLIGHT versus the
ones from A.S.A.D. STARLIGHT ages were obtained from
Equation (3) that make the average of log(ages). The
correlation between literature and STARLIGHT ages using a
range of metallicities and fixed ones. Errors bars are also
indicated. The lines are showing +o¢ shift.

Log(agelyr)starLicHT
= R R
~ (00] O o = N
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Appendix D
Residual Plots Obtained from A.S.A.D and STARLIGHT

This appendix presents the residual plots in Figures 9—12,
obtained from A.S.A.D run and STARLIGHT. The observed
spectrum and the selected model in the best fit is showed for
each cluster. We also present the residual flux at the bottom
and it is also indicated the A defined as the mean value of
Ry, = |0\ — M,| as a measure for the quality of fits.
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Figure 9. Correlation between A.S.A.D and STARLIGHT age values obtained in this work (top), literature and STARLIGHT (middle), using a range of metallicities and
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Figure 11. Continued from Figure 10.
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Figure 12. Continued from Figure 10.
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