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ABSTRACT

Context. This is a preliminary version of the paper in A&A with some extra details on the new features. An aditional note is
that if you use the code, you should site both A&A papers (Sousa 2007 and Sousa 2015)

Aims. We present a new upgraded version of ARES - Automatic Routine for line Equivalent widths in stellar Spectra. The new
version includes a series of interesting new features, that includes: automatic radial velocity correction, the possibility for a fully
automatic continuum determination, and an estimation of the errors for the equivalent widths. In addition, ARES v2 shows a boost on
its performance.
Methods. For the automatic correction of the radial velocity we make use of a simple cross-correlation function, while the possibility
for the new automatic continuum determination, as well as the estimation of the errors, rely on a new approach that we use to evaluate
the spectral noise at the continuum level. The performance improvement is achieved with parallel computation using the OpenMP
library.
Results. ARES v2 is totally compatible with its predecessor. We show that the fully automatic continuum determination works quite
consistently, given results that are very similar with the previous approaches used for this task. The new errors provided for the
equivalent widths are very useful to identify the few unreliable automatic measurements.
Conclusions. The new ARES code presents new features that will certainly be appreciated by its users, specially for the analysis of
large samples of spectral data. The new version of ARES presents a significant improvement on its performance even though there is
an aditional computation for the errors of its measurements.

Key words. Techniques: spectroscopic – Methods: data analysis – stars: solar-type – stars: abundances

1. Introduction

The characterization of stars plays a fundamental role in many fields in Astronomy and Astrophysics: The study of the stars them-
selves, the characterization of the new hundreds of discovered exoplanets around stars, the study of stellar groups such as open
clusters, globular clusters, or even the study of our own Galaxy. Spectroscopy is one of the most used techniques to study and char-
acterize stars. The spectra from the stars allow us to obtain much information, including some of the stellar fundamental parameters
like its effective temperature, the surface gravity, or even quantify the detailed chemical composition of its atmospheres.

One of the most commonly used methods is to perform a line-by-line analysis which in most of the cases requires a precise
measurement of the strength of the spectral lines. This is normally done by measuring by the equivalent-width (EW). EW methods
have been used for decades in spectroscopy. A standard procedure to get this measurement of a spectral line is to use interactive
routines such as the splot routine from IRAF 1. In these interactive routines, the astronomer has to indicate line-by-line the position
of the continuum, and select the position of the lines to be measured. This task is of course extremely time consuming and prone to
subjective evaluations introducing errors in the measurements that are difficult to quantify.

In the last decade several automatic codes have emmerged with the goal of not only to release the astronomer from this tedious
task, but more importantly, to allow the precise and systematic measurement of equivalent-widths. ARES (Sousa et al. 2007) was
one of the first codes to appear freely available for the community. ARES measures the equivalent widths of lines in an automatic

⋆ARES Webpage: http://www.astro.up.pt/∼sousasag/ares/
1 IRAF is distributed by National Optical Astronomy Observatories, operated by the Association of Universities for Research in Astronomy, Inc.,
under contract with the National Science Foundation, U.S.A.
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way trying to follow as closely as possible the same steps that an astronomer would do when using interactive routines. Several
other codes exist and appeared more recently to perform the same task using different approaches: DAOSPEC (Stetson & Pancino
2008); DOOp which is a recent wrapper for DAOSPEC (Cantat-Gaudin et al. 2014); TAME (Kang & Lee 2012), which follows very
closely the basic ideas from ARES, written in IDL and presenting some interactive facilities for the spectral analysis. Rencently it
was also presented a more complete spectral analysis code that also computes EWs and was named iSPEC (Blanco-Cuaresma et al.
2014).

Due to its simplicity of use, ARES has been one of the most widely adopted codes for automatic EW measurements (e.g. Hekker
& Meléndez 2007; Neves et al. 2009; Sozzetti et al. 2009; Ghezzi et al. 2010; Ruchti et al. 2011; Sousa et al. 2011; Adibekyan et al.
2012a; Tabernero et al. 2012; Mortier et al. 2013; Santos et al. 2013; Monroe et al. 2013; Maldonado et al. 2013; Jofré et al.
2014). ARES has also been used for asteroseismology studies that require the stellar characterization (e.g. Creevey et al. 2012;
Silva Aguirre et al. 2013; Metcalfe et al. 2010) and is used in large spectroscopic surveys such as the GAIA-ESO Survey (Gilmore
et al. 2012) for the analysis of the high resolution spectral data in several working groups within the consortium (e.g. Sousa (2014);
Smiljanic et al. (2014); Lanzafame et al. (2015)). In fact, the algorithms in ARES are currently being implemented in recipes for the
very first data analysis software that will be available for a VLT instrument, ESPRESSO (Mégevand et al. 2012; Di Marcantonio
et al. 2012; Pepe et al. 2013, 2014).

ARES has become a very useful code for the community. Since its release, in 2007, several ideas were brought to the table,
either by our team members, or by the user feedback. Therefore, some new features have been internally implemented in ARES in
order to answer these new ideas, and we have eventually reach a stage in which we think the new modification in the code are useful
for the community.

In this work we present a new improved version of the ARES code with special focus on the description of the new features that
were introduced. In section 2. we list the new features describing them in a general way, and giving instruction on how they can be
selected within ARES. The next sections describe in more detail how the most important new features were implemented, namely the
radial velocity automatic correction (Sect. 3), the new option for the completely automatic determination of the continuum position
(Sect. 4), and how the estimation of the error on the equivalent widths is derived within ARES v2 (Sect. 5). Section 6. describes
generally how the code was addapted to include parallel computations, and show some performance comparisons between the two
versions. Finally in Sect. 7 we make a summary of the work presented in this paper.

2. New Features

The new features implemented in ARES are the following:

– Radial Velocity correction: In the previous version, the input spectra needed to be fully corrected for radial velocity. Otherwise
ARES would not be able to correctly identify the spectral lines to be measured. In the new version the user has two options that
can be chosen to correct the radial velocity within ARES: The first is to provide the value for the radial velocity of the star in
km/s. The second is to provide a mask with a list of lines at rest frame that will then be used by ARES to estimate the radial
velocity (a detailed description on this option is given in Sect. 3). To provide this new input to ARES there is a new parameter
rvmask that should be included at the very end of the input file “mine.opt”. An example for these options is provided in the
ARES support Web-page2.

– Automatic rejt estimation: The parameter rejt is the most important input parameter for the proper local continuum normal-
ization and is therefore crucial for the correct EW measurement. This parameter strongly depends on the signal-to-noise (S/N)
of the spectrum. For the original ARES version we have decided to leave this as a free parameter so the user could make his
own choice. The reason for this decision was based on the large subjectivity in what regards the visualization of the continuum
position. This parameter continues to be open for the user in the new ARES v2, and we still recommend this as the best option
for the user that want to derive precise and accurate EWs. In some of our previous works we have presented some suggestions
in what regards the value to be used for this parameter. First, in Sousa et al. (2008) we provided a discrete relation between the
spectrum S/N and the recommended rejt value. This table gives only values for S/N > 100. Later in Sousa et al. (2011) it was
provided an empirical relation for the cases where the S/N is low (S/N < 100). These relations were derived for HARPS spectra,
but from our experience could be safely applied to other spectra that had the S/N computed in a similar way. For the cases where
the S/N is not available, we recommend the user either to adjust this parameter individually for each spectra, or to find a way to
first estimate the S/N for the spectra and then derive the proper relation with the rejt parameter (for an example of such exercise
see Mortier et al. 2013).
The new version of ARES has an additional option where the user can specify spectral regions in the spectra, that should be
“ideally” clear of spectral lines. ARES will internally estimate the S/N and relate it with a proper rejt value. For a detailed
description of this new option, see Sect. 4.

– rejt dependence on wavelength: Typically a single rejt value is enough for the full wavelength coverage of a spectrum. This
is valid for the cases where the S/N of the spectrum does not change significantly with the wavelength and for the cases when
the lines to be analyzed are not spread all over the spectral range. However, the S/N can change significantly for some spec-
tra. With this in mind, we have implemented a way to change the rejt parameter accordingly with the wavelength. To use this
option, the user has to define the rejt parameter with the value −2. Once this is done ARES will then read a file with the
name “lambda_rejt.opt” that should be an ASCII file with 2 columns (wavelength and rejt separated by spaces). This file need

2 http://www.astro.up.pt/ sousasag/ares/support.html
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to be prepared by the user accordingly with the spectrum that is to be analyzed. ARES will read the values in the file, and
then interpolate the rejt value for each wavelength and will adjust the continuum accordingly for each spectral region. An ex-
ample of this file is provided together with the package of the new code. We recomend this option to be used when the user
has good information on the S/N for different wavelength. This information is sometimes available in the header of FITS spectra.

– EW error estimation: One of the caveats in the original code was that lack of an error estimation or the flagging to identify
problematic measurements. The reason for this was that ARES was initially designed to help on the spectroscopic parameters
derivation using a standard spectroscopic method based on several iron lines. Any problematic measurement is easily identified
later in the process once it is compared the abundances derived for each individual line with the average abundance given by
of all lines. Certainly this is not possible for some spectral analysis where only very few lines are available in the spectrum.
Therefore, we have implemented a fast estimation of the error for the EWs. For more details on this new task see Sect. 5.

– Parallelization of the code with OpenMp: This is not actually a feature, but just a different design of the code that was imple-
mented in order to be able to use OpenMp, a code parallelization library3 that simplifies the interface with multi-core machines.
In Sect. 6 we will generally describe the structure of the new code, and will present some benchmark examples that were used
to compare the performance of the new version with the older one.

– Read ASCII spectral data: Until now, the only way for ARES to read spectral data was through the use of FITS files. These
FITS files need some specific conditions: need to be in one dimensional format; the FITS header should necessarily contain the
keywords CRVAL1, and CDELTA1 which were used to create the wavelength array. The limitation of this approach is that this
specific conditions are not necessarily common for spectra in FITS files. There are spectra available in public archives which
follow different formats, and are not always stored in FITS files (e.g. ESPADONS, NARVAL archives). The new ARES code
checks if a FITS file is present in the input parameter file “mine.opt” file (using the extension of the file name). If the file does
not contains a “fits” extension, then the new feature comes to place by trying to read the file as ASCII data. For this to work the
data should be available in two distinct columns (wavelength and flux separated by spaces). Note that the wavelength still needs
to be in units of Angstroms and this file should not contain any header.

– Cleaning any zero spectral flux: One of the first tasks in ARES is to go through the input spectra and check for the presence of
zero values in the flux. Normally this appears in spectral data from spectrographs that have a gap in the spectral coverage. The
standard procedure for these cases is to assign zero values for these spectral regions. Unfortunately, zero values are normally a
problem in computations where you need to divide your spectra at some stage of the code, like the normalization phase. This
problem happened if ARES was looking for a line in such spectral region, crashing when applying a local normalization. To
overcome this problem the user had to be careful not to include these lines in the list of lines to be measured, avoiding this way
the gaps in the spectra. Another possible solution would be to ask the user to identify these gaps, so ARES would not go into
these spectral regions. However, this would imply additional input parameters which is always best to avoid. An easier approach,
currently implemented in ARES, is to scan the spectra for zero values and then change the value to the unity for these spectral
regions. ARES will still try to find the line in this spectral region, but of course without success since there is no line present.
ARES will then move on to the next lines without crashing.

All these features are now implemented in ARES in a way that the code remains fully compatible with the previous version,
in the sense that it is still possible to use the same input as before and the result will be essentially the same as before. All these
new features are therefore add-ons to the previous code. The user is free to choose any of the new features except for the errors that
will always appear in the new ARES output without any significant loss of performance, actually gaining if the code is used in a
multi-core machine.

3. Radial Velocity - automatic correction

In order to implement the new feature for the automatic correction of the radial velocity of the spectrum, a new input parameter
was required to be introduced. This parameter should appear always at the very end of the ARES input file “mine.opt” and with the
designation: rvmask. If the user does not include this new parameter, then ARES will assume that the input spectra is already at rest
frame, and will not perform any radial velocity correction.

3.1. Inputing the radial velocity

If the user has already the information on the radial velocity of the star, then it can just be given as input. As an example for a
spectrum of a star which has a radial velocity of 25.5 km/s the user can provide rvmask=’0,25.5’. The ’0’ in this option is for
ARES to understand that the user is providing radial velocity to be corrected. The ARES code will read the value and will adjust
the wavelength of the spectra accordingly with the Doppler shift formula:

Vr =

(

λ − λrest

λrest

)

c (1)

where Vr is the radial velocity in km/s, lambda is the recorded spectral wavelength, λrest is the wavelength at rest frame, and c
is the light speed in km/s.
3 http://www.openmp.org
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Fig. 1. An example of a CCF computed by ARES to automatically estimate the radial velocity of the spectrum provided for the analysis. The
vertical line represent the minimum of the CCF that can be better observed in the inner panel.

3.2. Using a mask to estimate the radial velocity

Another feature implemented in ARES is an automatic estimation of the radial velocity. This is done through a very simple and
localized cross correlation function using a mask of close-by and strong absorption lines for which its wavelength should be provided
at the rest frame (Baranne et al. 1996). The cross correlation is then computed in the velocity parameter space, using equation 1 for
the variable transformation. The cross correlation function (CCF(v)) can be then defined by:

CCF(v) =
∑

i

F(λi(v)) (2)

where v is the radial velocity variable, F(v) is the spectral flux, and λ(v)i is the wavelength for the ith line in the provided
mask Doppler shifted accordingly with the velocity (v). For the mask the user should supply in first place the number of lines
in the mask, and then the respective wavelengths at the rest frame and separated by commas. As an example of a mask with
three typically strong lines in the visible that we recommend, the user should include in the input file the following line: rv-
mask=’3,6021.8,6024.06,6027.06,6024.06,20’. The first number (3) is the total of lines for the mask, the last number (20) is a kind
of a “space” parameter to select the width for the wavelength region to compute the CCF which is then centered on the wavelength
provided in the second to last position.

Internally ARES will evaluate the function in equation 2 for 8000 points in velocity, starting from -400 km/s up to 400 km/s in
steps of 0.1 km/s. Then it will find the minimum of the CCF function estimating in that way the radial velocity with a precision, not
better than the defined 0.1 km/s, but still good enough for ARES to correctly identify the absorption spectral lines to be measured.

Figure 1 shows an example of the CCF function computed by ARES for a HARPS spectra taken from the archive and using the
mask provided as an example. We selected a random HARPS spectra from the archive for the star Alpha Cen A. This spectrum was
observed on 2005-04-23, 09:57:42 UT. The minimum of the CCF that ARES identifies, and therefore the radial velocity estimated,
is -22.4 km/s, which is very close to the value computed by the HARPS DRS pipeline (-22.58 km/s). Looking at the plot we see
a small difference between the expected value and the minimum of the CCF, which does not affect the correct identification of the
lines by ARES.

If the user needs to check the radial velocity estimated by ARES using this option, the information is always available at the
beginning of the ARES’s log file.

4. Automatic Rejt

The identification of the continuum position still remains a very difficult and subjective task in these spectral analysis. The rejt
parameter plays a fundamental role in ARES for this purpose (see Fig. 2 and section 3.1 of Sousa et al. (2007) for a complete
description of this parameter). Because of that, this parameter still remains adjustable for the user. One of the advantages of automatic
codes such as ARES is that once you define the parameter for the continuum, the code will measure all lines in the spectra in a
systematic way, avoiding this way errors that are caused by the subjectivity that is common in the use of interactive routines.

To keep homogeneous EW measurements between different spectra, the best option is to use an empirical relation between the
spectral S/N and the rejt parameter. This assures the homogenization of the measurements when the user analyze several spectra of
the same kind, observed in the same spectroscopic configurations.

Not being satisfied with this solution, we felt that it was also important to add the possibility to compute an automatic rejt parame-
ter. This is certainly not an easy task, and some caution should be taken. The user can access this option by defining the rejt parameter
in a different way. To better explain, nothing better than a practical example: for example setting rejt=3;5764,5766,6047,6052,6068,6076
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Fig. 2. Evaluation of the noise in the three spectral regions recommended to automatically estimate the rejt parameter. The grey areas represents the
interval to compute the noise. The blue middle spectrum represents the original data. The lower green spectra represent the spectra after applying
a smooth filter (see text for the details). The top red lines represents the original spectra subtracted by the smoothed data. The lines are separated
by a constant for a better representation.

will tell ARES to evaluate the noise in three different spectral ranges, the first number (3) defines the number of ranges, and each
next pair of numbers represent each wavelength region. To select these spectral regions the user should perform a careful eye in-
spection of the typical spectra in study, and look for spectral regions without the presence of strong lines, the ideal case will be
without any lines at all. These three spectral regions given in this example are regions that have no lines, or at most very week lines,
for solar-type stars, and therefore the user can take these as our recommendation.

4.1. Estimation of the signal-to-noise

In order to explain how the rejt parameter is automatically determined, we should start with the estimation of the S/N. The procedure
for this estimation is represented in Fig. 2 and is performed in the following steps for each spectral region provided by the user:

– The first step is the extraction of the spectral region. The original spectrum is represented in blue for all the panels, and the
region is marked by the grey area on the panels.

– The second step is to apply a smooth on the original spectra. This smooth is a boxing car average which can be used to filter
the noise at higher frequencies (in wavelength) (for more details see Sect. 3.3 of Sousa et al. 2007). The value for the smooth
window in this procedure was hard coded within ARES with a value of 8 pixels. The smoothed spectra is represented in green
shifted down by a constant just for a better representation in the panels. The idea is that this spectra does not represent any lower
frequency signal, where the spectral lines are included.

– Next we subtract from the original spectrum this high-frequency-noise free smoothed spectrum and put it at the spectrum level
(using the average of the flux for each spectral region). This is represented with the red color lines in the three panels, again
slightly shifted by a constant for a better representation. These red data represent the high frequency noise, which we then use
to estimate the S/N for each spectral region in the next step.

– The S/N computed for each spectral region is simply its mean flux < F > divided by the standard deviation of the subtracted
spectra (red data) σF :

S/N =
< F >

σF

(3)

– The final adopted S/N value is derived by taking the median of the three values derived for this example. The choose of the
median over the possible use of an average is to avoid any overestimation or underestimation of the final value for the situation
where one of the spectral regions can be affected by strange spectral features (e.g. a cosmic ray hit) that could change significantly
the final value of an average.

Figure 2 shows the estimation of the S/N for the three spectral ranges given as example. The spectra used is the same that
was used to represent the radial-velocity estimation. The HARPS spectra have the information of the S/N in its FITS header. In
previous works where we analyzed HARPS data with ARES we have used this information, more specifically the S/N measured
at the spectral order number 60 which corresponds to the wavelengths around 6000Å. The value that we find in the header for this
specific spectra is ∼ 275 which is compatible with the median of the values presented in the figure (256.29).

4.2. Auto-rejt and ARES local continuum determination

The rejt parameter is closely related with the S/N and more directly with the standard deviation of the noise in the spectra. Therefore,
an easy way that we are using to estimate the rejt parameters in this new option is by looking directly at the standard deviation of
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Fig. 3. Difference on the equivalent widhts measured for the same spectrum changing only the rejt parameter from 0.995 to 0.996.

the noise that we have derived before to estimate the S/N. The simple relation between rejt, the S/N, and the standard deviation of
the noise is therefore:

re jt = 1 −
1

S/N
= 1 − σF (4)

using < F >= 1 for the normalized flux at the continuum.
This is the solution that is currently implemented in the new version of ARES. This option should be used with some caution

since the spectral ranges selected may be contaminated with some unexpected spectral features (e.g. cosmic rays), or unexpected
lines such as telluric lines. So the user should be extremely cautious with the spectral regions that are selected for this purpose. In
addition the user has also the possibility to include the S/N directly in the rejt parameter. The code will check if the value provided
is ≥ 1, and in this case will compute the rejt following equation 4. This is a good option for when the user has a prior knowledge on
the spectra’s S/N.

In order to illustrate the new option to estimate the S/N we use again the same spectrum as before. Using the recommended
relation between rejt and the S/N (Sousa et al. 2008), and adopting the value of 275 included in the spectrum’s header, then we
would have selected a value for the rejt parameter of 0.995. Using the new option, which would estimate the S/N of 256, the rejt
parameter would then have a value of ∼ 0.996, which is slightly higher.

Note that the recommended values from Sousa et al. (2008) were obtained using a visual inspection of the continuum fit per-
formed by ARES on a series of spectra with different S/N values. We believe that the slight different value between this procedure
and the visual inspection may be related to the presence of weak lines that can easily be interpreted as noise and therefore putting
the continuum at a lower precision requiring in this case a lower rejt value. The automatic procedure presented here can in principle
disentangle between the presence of very weak lines and the high spatial frequency noise (see Fig. 2).

This lead us to a discussion about what is the correct approach to determine the most accurate equivalent width. The identification
of the weak lines would be definitely important, but would require the correct fit of all these weak lines. This is extremely difficult,
since we will deal with lines which depths are sometimes still below or very close to the noise amplitude. On the other hand, if
we think of these lines as noise, assuming that these weak lines are present everywhere in the spectra, we would also have a very
accurate equivalent width for the deeper lines.

Note that ARES will not identify the very weak lines within the noise, therefore we still leave the decision of the rejt parameter
up to the user.

We are talking about a difference of only 0.001 in rejt, but this value does not really tell much for the common reader on how
it influence the performance of ARES. To better illustrate the difference from these two cases, Fig 3 shows the comparison of the
EWs computed in both cases. The difference in EWs is quite small with a mean difference below 0.2 mÅ and a standard deviation
inferior to 1 mÅ.

An addtional test is presented in Fig. 4 where we show another comparison of EWs, but this time using seven spectra with
different S/N, ranging from ∼70 to ∼2000, measuring ∼ 380 lines for each of them. The goal here is to show the differences betwen
using the new automatic rejt determination compares with the recomended values from Sousa et al. (2008). This comparison shows
that there is a small mean offset of ∼ 0.7 mÅ with a still significant dispersion of ∼ 4.4 mÅ comming mainly from strongly blended
lines and the lower S/N spectra. The panel inside the figure shows a zoomed part of the comparison where it is clear that the large
fraction (∼ 96%) of the lines are indeed close to the identity line.

To finalize this discussion we would like to remember that the importance of these automatic codes is its systematic performance.
Therefore whatever is the option selected in ARES, or the value adoptted for the rejt parameter, it will behave systematically. For
example in the case where differentially analysis are used, it is important that the calibration of your method use the same options in
order to assure reliable results. Another good example where the systematic measurements are important is for the use of line-ratios
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Fig. 4. Comparison of the equivalent widhts measured using the recomendation from Sousa et al. (2008) for the rejt parameter and using an
automatic value. For this test we are measuring ∼ 380 lines for seven different spectra with S/N raging from ∼70 to ∼2000. The small panel
illustrate the difference for a zoomed part of the plot.

to derive spectral indexes or even parameters such as the temperature (Kovtyukh et al. 2003; Sousa et al. 2010, 2012, and Teixeira
et al. in prep.).

5. EW error estimation

There are many sources that contribute to the error on an equivalent width measurement of a spectral line. These include the
determination of the continuum position, as already mentioned in the previous section, the S/N of the data, the presence of blended
lines, or any unexpected spectral feature, such as cosmic rays hits.

One solution that could actually take into account all these sources would be to perform a Monte-Carlo analysis for each line that
is measured. In this test it would be necessary to evaluate different parameters for the fit of the line, such as the number of lines to be
fitted as well as their initial guess values, different parameters for the continuum place. Even making a bootstrapping of the spectral
data might be also a good option for such a test. The problem with this approach is that it would required many iterations and will
be extremely time consuming, specially if we want to measure many lines and perform the analysis in many different spectra.

An easier and faster solution was implemented in ARES to estimate the error on the equivalent width for each line. This er-
ror estimation comes directly from the fit that ARES perform to the spectral lines. Recalling this process, ARES fits the spectral
lines with Gaussian profiles, using a non-linear square fit algorithm (gsl_multifit_fdfsolver_lmder - defined in the Gnu Scientific
library(GSL) as a robust and efficient version of the Levenberg-Marquardt algorithm4). In order to use this algorithm, it was im-
plemented in the code the Gaussian profile and the respective parameter derivatives (the so called Jacobian matrix). The Gaussian
profile implemented in ARES is written as:

G(t) =
n

∑

i

gi(t) =
n

∑

i

di exp(−Λi(t − ci)) (5)

where di is the depth of the ith line, ci its center, and Λi is related with the Gaussian width such as Λi = 1/(2σ2), where σ is the
Gaussian width (also known as the standard deviation). This specific representation of the Gaussian profile was choose to follow
closely the GSL example for the fitting of a single Gaussian using the non-linear square fit algorithm5.

The difference between the previous ARES version and the one that we present here, is that the fit is now considering an error
for the spectral data. This is then used to estimate the errors on each parameter for the Gaussian fit. Note that although some reduced
spectra that we can find in archives actually have the error on the flux for each pixel, many actually don’t. Because of this, and also
to assure that we keep the consistency with the previous version of ARES, we still only require the input of the wavelength and the
respective flux for each pixel. The error adopted for each pixel is taken as the same (every pixel will have the same weight), and
its value strongly depends on the S/N which is derived using the exact same procedure as described before in the previous section
(σF ). In the case where the rejt parameter is defined by the user, σF will be derived from equation 4.

With the uncertainty given for each of the fitted parameters, we can use it to obtain an estimation for the error of a measurement.
First, the equivalent width in ARES is computed directly from the area of the fitted Gaussian profile:

4 http://www.gnu.org/software/gsl/manual/html_node/Minimization-Algorithms-using-Derivatives.html
5 This example is available at www.gnu.org/software/gsl/manual/html_node/Example-programs-for-Nonlinear-Least_

002dSquares-Fitting.html
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Fig. 5. Distribution of the errors estimated for the equivalent widths of ∼ 100 iron lines for three spectra with different S/N levels. The boxes are a
zoomed view of the peak of the histograms.

EWi =

∫ ∞

−∞
gi(t)dt = diσi

√
2π = di

√

π

Λi

(6)

where i represents the Gaussian that fits the line to be measure.
Now we can use the uncertainties derived from the fit on the depth of the line (∆di) and on the width of the line (∆Λi), and

simply using the error propagation equation we can derive the following expression for an error on the equivalent width:

∆EWi = EWi

[

∆di

di

+
1
2
∆Λi

Λi

]

(7)

Note that within this error estimation is included the error on the continuum position (through the use of σF ) and also part of
the error introduced by the presence of blended lines which will be responsible for larger errors for the parameters of the Gaussian
profiles.

To represent the errors derived with this expression we added Fig. 5 to present the distribution of the errors, in percentage, for
three spectra with different S/N. As expected, the measurements have smaller errors as the S/N of the spectra increases, going from
a typical uncertainties of 2-5% (still with a few measurements with up to 10%) for S/N∼ 100, and improving significantly to ∼ 2 %
for a S/N of 150, and ∼ 1% already for S/N of 250. The line-list used for this test is a representative list that is composed of ∼ 100
iron lines and that is provided together with software package. The relative errors for the EWs are similar with the ones derived by
the approximate formulae of Cayrel (1988) for estimating the uncertainty as a function of spectral quality. Using this approximate
formula considering a spectrum with S/N∼ 100, a sampling of 0.01 Å, and an EW of 100 mÅ we derive an uncertainty of ∼ 4.6%.
An advantage for our determination is that the error depends not only on the spectra quality but it also reflects the goodness of the
fit which allow us to clearly identify poor measurements.

To reach a compromise between performance and reliability for the error estimation, these are the best errors for the equivalent
widths currently available for ARES. Nevertheless, the user should use these error estimations with some caution and be aware on
what they really represent. The main advantage of this new feature is that now it is possible to immediately identify problematic
EW measurements. With the previous version this was not possible, and now the user has the real possibility to make a pre-selection
of the automatic measurements. This is certainly useful for the cases where the user wants to perform precise chemical abundance

Article number, page 8 of 10page.10



S. G. Sousa et al.: ARES v2 - Automatic Routine for line Equivalent widths in stellar Spectra

analysis and only relies on very few lines for the element in study. For example, the analysis of elements such as Na, Mg, Al, Sc,
and Mn are typically based only on 2-4 lines (per element) (Adibekyan et al. 2012b). The studies based on EW measurements for
these elements using limited line list will certainly benifict from the evaluation of the uncertaities estimated for each measurement.

Note that the error derived for each EW measurement is stored in the in the 6th column of the ARES’s output file.

6. Improved performence through parallelization

6.1. ARES’s Parallelization

ARES’s bottleneck, in terms of CPU usage and time consuming, is the fitting of the lines. Specially when there are many blended
lines and therefore it is required to fit three times more parameters to the data. All other steps in the code are relatively very fast
compared with the fitting of the lines. Fortunately all the process that leads to the fit of the lines is completely independent: the
selection of the spectral region, the local normalization, the detection of lines present to be fitted, the actual fit of the lines in the
spectral region, and finally the computation of the equivalent width. This means that ARES could be parallelized right at the very
beginning of the selection of the lines to be measured, sending one job (the serie of independent functions) for each individual core.

For this purpose we use OpenMP, which is a free C library very useful for the parallelization of C codes. With this library we
can select for example the cycles in a C code that we want to parallelize, and the library will deal by itself with the division of the
work within a cycle, including even the managing of the necessary shared memory between the cores. We have used this in ARES
to parallelize the cycle that goes through the lines to be measure.

So if this new version of ARES is running in a multi-core machine, it will detect the number of cores present, and different jobs
will be sent to the different cores to be executed in parallel. The advantage of this approach is that if a given core stays “block”
processing a line that is strongly blended (and requires many lines to be fitted), the other cores will continue to work on the other
lines. Note, however, that the parallel computing only works if the parameter “plots_flag” is set to 0, otherwise many plots would
appear in parallel in the screen which we wanted to avoid.

6.2. Performence

In terms of performance, ARES should be evaluated with caution and case by case. As already mentioned if the spectra has many
blended lines, then it will take more time to go through the full process. Therefore cooler K stars, which typically have more lines
present, will take more time than a G or a F star to measure the EW of the same individual lines. To compare both versions of the
code, we use the same lines, the same spectra, and the same machine (which has four cores available). The time that we obtained in
the following tests (using the Linux time command) are only representative of this specific cases and of course on the machine that
is used, but is still a proper test to compare both versions of the code.

For Alpha Cen A, using the same HARPS spectra as before, to measure 390 different spectral lines, ARES v1 took ∼ 13 secs,
while using the new ARES v2 in parallel mode did the same job in just ∼ 5 secs which represents an improvement of 260% in time
efficiency. Alpha Cen A is G type star, and the number of blended lines is very limited, explaining why both versions are quite fast.

To check what would happen on a K star we took a HARPS spectra of Alpha Cen B from the archive. To measure the same 390
spectral lines, ARES v1 took for this case ∼ 64 secs, while the new version took only 39 secs. This represents still an improvement
of 61% in time efficiency.

This simple benchmark tests shows that ARES v2 can perform the job faster as expected, and actually while computing addi-
tional information, such as the errors for each measurement.

7. Summary

We present a new version of the ARES code which includes new features, the most important being the automatic radial-velocity
correction, the new option to define the continuum position automatically, and the estimation of the errors for the equivalent width
measurements. All these features will certainly be useful for the users of ARES, specially for the analysis performed on large sets
of spectral data.

The use of ARES, as well as any other automatic tool, should be used with caution, specially for the analysis of specific cases
where there are limited number of lines. For these cases we still allow the user to adapt the rejt parameter as before, where we
recommend the use of the plotting capabilities (plots_flag=1) for a few isolated lines for a proper evaluation of the continuum
position.

The errors derived in ARES are good enough for a preliminary detection of bad measurements. A new capability that before
was not available and can be used to make a pre selection of the best fitted lines. We still recommend the user to verify any outlier
before using them for further analysis.

With the detailed description of the new features we hope to have clearly exposed how they are implemented. The correct
understanding of these new features is fundamental for a proper judgment of what would be the best option for each spectral
analysis project.

Finally we would like to emphasize again that ARES v2 remains fully compatible with the previous version, meaning that if the
user uses the same input file (“mine.opt”), it will return similar results as in the previous version. The only difference is that the user
will perceive a better performance of the code thanks to the use of parallel processing for the cases where multi-core processors are
used and will have extra information in the output file such as the errors on the measurements.
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