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Abstract. We have developed an artificial neural network, whose purpose is to automatically find in
a database of synthetic stellar spectra the one which best reproduces an observed spectrum. Using the
equivalent widths of selected spectral lines, the network fits a set of lines related to the physical parame-
ters in the stellar atmosphere (i.e., temperature, gravity and mass loss rate). The main advantage of this
approach is its scalability.

1 INTRODUCTION

All our information about the physical conditions and the chemical composition of stars comes from the
study of their electromagnectic spectrum. In massive stars (20Mo < M, < 120M,), we can identify three
components of stellar spectrum: the continuum, the absorption and the emission lines. They can give
us information about the structure of the atmosphere, since they come from layers located at different
depths in the stellar atmosphere (e.g., see Figure 1).

The spectrum emitted by the stellar interior where the atmosphere begins is called the continuum. Due
to its strong dependence on temperature and the energy distribution, the continuum can be modeled by
Planck’s law of blackbody radiation'.

The absorption lines come from the base of the atmosphere. This region is in local thermodynamic equi-
librium (LTE). The atoms in the atmosphere absorb certain characteristic wavelengths of the continuum

LA blackbody is an ideal radiator that does not exist in the real world. However, many objects, including stars, behave as a
blackbody. Blackbody radiation can be produced in a closed cavity whose walls absorb all radiation incident upon them and
coming from inside the cavity. The walls and the radiation in the cavity are in equilibrium. Both are at the same temperature,
and the walls emit all the energy they receive.
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Figure 1: Spectral line formation regions.

radiation, leaving dark gaps or absorption lines at the corresponding points in the spectrum. The ab-
sorption lines provide information about the temperature, the gravity and the chemical composition on
the stellar atmosphere. A criterion for determining the temperature on the surface of a star consists of
calculating the ratio of the equivalent widths of two spectral lines, corresponding to the same element
(e.g., He), in subsequent ionization states (e.g., Hell / He I). Since the most abundant element in stars
is hydrogen, when the optical spectrum is available, the wings of the Balmer lines are used to diagnose
gravity at the base of the atmosphere.

Massive stars in addition to emitting radiation also emit particles. The emission of particles is known
as the stellar wind. The emission lines come from the stellar wind and this region is not in LTE. Three
important parameters that can be derived from spectral lines coming from the stellar wind are the mass
loss rate (M), which is the amount of mass lost by the star per unit time, the terminal velocity (v..),
which is the velocity of the stellar wind at a large distance from the star, and the clumping filling factor
(fe1), which is the average fraction of the volume in regions filled with material, called the clumps, by
assuming that the volume between clumps is empty. Stars with mass loss rates on the order of 107% M,
yr~!, or higher, show emission lines in their optical spectrum. The best known are the H,, and Hg lines
in O- and B-type stars. The P-Cygni profiles in the UV spectrum have been studied quantitatively by
various authors to derive information on the M, v., and f,;.

A model of stellar atmosphere is a specification of the state of all the parameters that govern the physical
phenomena that occur there. Since the problem is very complex, we cannot construct analytic solutions.
Therefore, we discretize a coordinate system and solve the equations in several tens to hundred of points
distributed in the atmosphere. The number of parameters depend on the type of the model. In recent
years a significant progress has been achieved in the field of stellar atmospheres. A self-consistent
analysis of spectral regions from the X-ray to the IR is now possible, thanks to the fertile combination
of the large amount of observational data and the availability of sophisticated stellar atmosphere codes.
Space- and Earth-based telescopes are generating large amounts of astronomical data. The Far Ultraviolet
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Figure 2: Equivalent width of a spectral line.

Spectroscopic Explorer (FUSE)?, the International Ultraviolet Explorer (IUE)? in ultraviolet (UV), the
Hubble Space Telescope (HST)* in UV and optical, and the Sloan Digital Sky Survey (SDSS)’ [1] in
optical e IR, to mention a few, have generated databases of stellar spectra on the order of the petabytes.
On the other hand, there are databases of synthetic stellar spectra with tens, hundreds and even thousands
of stellar models, with their corresponding synthetic spectra in the optical, UV and IR (see, for example,
the grids for Wolf-Rayet (WR) stars [2], the POLLUX database [3] and the grids of models for OB stars
[4, 5, 6] calculated with the CMFGEN code [7]. Such databases of theoretical spectra have produced
data volumes on the order of the terabytes. This data volume has contributed to bring the era of Big Data
to the field of spectroscopic analysis, requiring the creation of new computational tools capable of the
management of large volumes of data, maintaining the quality of the analysis.

2 MEASUREMENT OF SPECTRAL LINES

The most basic thing we can measure for a spectral line is its profile or shape. The equivalent width
(EW) is a measure of the total absortion or emission in a line. It is defined as the width of a rectangle
with an area equal to the spectral line and a height equal to the continuum (see Figure 2), that is

fF()_FV dv

F ey

EW =

In order to measure the EWs, we developed the Spectral Line Analysis Module (SLAM) [8]. This
program works with normalized synthetic and observed spectra, provided in a comma-separated val-
ues (CSV) files, generates CSV files with the parameters of a spectral line, measured in hundreds or
thousands of spectra, discriminating between absorption or emission lines, and calculates its EW.

2The Far Ultraviolet Spectroscopic Explorer (FUSE) was a space-based telescope operated by The Johns Hopkins University
to detect light in the far-ultraviolet portion of the spectrum.

3IUE was an international collaboration of NASA, the European Space Agency (ESA), and the United Kingdom’s Science
and Engineering Research Council (SERC; now Particle Physics and Astronomy Research Council, or PPARC ).

4HST is a program of the European Space Agency (ESA), the National Aeronautics, and Space Administration (NASA)

>The SDSS used a dedicated 2.5-meter telescope at Apache Point Observatory, New Mexico. SDSS is supported by the
Alfred P. Sloan Foundation, the Participating Institutions, and the U.S. Department of Energy Office of Science.
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3 The FITspec Code under a neural network architecture.

The FITspec code is a software that automatically finds in a database the synthetic spectrum that best
reproduces the equivalent widths (EWs) measured in an observed spectrum (Fierro-Santillan et al. 2018).
The program was developed in Python, under a functional programming approach. FITspec is based on
the deviations or errors of the EWs of the spectral lines in the models, with respect to the observed
spectra. This problem is suitable to be solved under an artificial neural network (ANN) approach. We
have chosen to use an ANN with three layers (input, hidden and output) architecture as shown in Fig.
3), with unsupervised learning due to the impossibility for an astronomer to compare by eye an observed
spectrum with thousands of models. Therefore, it is not possible to supply training data to the ANN. The
ANN finds among the thousands of models in a database the one whose spectral lines have the greatest
similarity to an observed spectrum, based on their EWs.
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Figure 3: Structure of the artificial neural network.

Input layer. Each node in this layer calculates how far the values of a model are with respect to the
values of the observed spectrum (desired values). The input values can be EWs or ratios of two EWs. In
the case of EWs, the tolerance (7) is calculated as

EWobs — EWautomatic
TEw = ‘ EWop. : (2)
while in the case of ratios
(5) 4~ ()
EW2 J obs
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Hidden layer. The tolerance values are collected from the input layer and put into a sigmoid function

1

a; = , 4
" l+expX)_ 01 X

where 0;; are the weights on the tolerances T;. Each node in the hidden layer uses a set of tolerances
corresponding to a set of spectral lines, which are traditionally used by astronomers as a criterion to
calculate the stellar parameters, namely Ty, log g and M. Table 1 lists the parameters, the criteria and the
lines that were taken into account in the design of the ANN.

Table 1: Criteria for the activation function of the ANN

Parameter Criterion Suitable lines

Tete Ratios of lines of the same element HeIl A 4541/Hel A 4471
in two subsequent ionization states He Il A 4200/HelI A 4026
Hell A4200/Hel A4144
Hell A4541/Hel A 4387

log g Width of the wings of Balmer lines H 1 A3835,

H 123889,

H 123970,

HI1A4101,

H 124349,

M Emission lines in optical spectrum  Hgy A6562,

Hp M4861

Output layer. The output layer is the layer that determines if a model acceptably reproduces the EW's of
the observed spectrum. A sigmoid function is calculated with a set of weights for the functions from the
hidden layer.
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A detailed analysis of a stellar atmosphere involves physical parameters, both at the base of the atmo-
sphere and in the wind, where each parameter is based on a set of spectral lines. Additionally, the
chemical composition of the star requires the study of several lines of the same element. The number of
lines to analyze can make the analysis unmanageable. The ANN design allows the coupling of new sets
of lines, adding neurons in the input and hidden layers, which will allow an increasingly complete and
detailed analysis of the observed spectra. The EW-based approach allows the ANN to be independent of
the stellar atmosphere code or database used to create the synthetic spectra.

Summary

Spectroscopy applied to the study of stellar spectra has had a great boost thanks to the use of supercom-
puters, which allow the calculation of hundreds or thousands of models in parallel. The large volume
of observational and theoretical data make it necessary to develop software tools capable of finding so-
lutions using large databases. We have previously created FITspec , a program capable of exploring a
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database with thousands of models and finding the one that best reproduces an observed spectrum, using
funcional programming. In order to solve this problem an artificial neural network has been designed.
One main advantage of this approach is its scalability.
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